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SUMMARY - The purpose of this report is to discuss the design and
operation of a Non-Dissipative Charge Controller using a Rotary
Transformer, developed for NASA/GSFC by Matrix Research and

Development Corporation, under NASA contract NAS5-9204, '«“1?

The object of the contract was to design a more efficient means of uti=-

lizing output of a solar array to provide power to a spacecraft's battery E

and electronics. The design was to incorporate a rotary transformer
to couple the power from a rotatable solar array to the spacecraft,
thereby elirinating the need for slip rings,

The most significant conclusions reached during the contract are:

1. A rotary power transformer can be effectively integrated
into a non-dissipative charge controller which maximizes
the power obtainable from the solar array,

2. A rotary power transformer can be fabricated which is of
sufficiently small size, light weight, and high efficiency as
to be practical for use in spacecraft power systems,

The results obtained warrant extension of this work to increased power

levels of the charge controller and transformer, ‘and also developing a’
prototype system using solar cells and batteries,

ii

"

e a0 T




2,

TABLE OF CONTENTS -

Section Description

1 Summary ¢ . . o4 04 4 . 0 . .

2 Table of Contents

3 List of Dlustrations

4 List of Tables . . . .

5 Introduction . . . . . . . . . ., .

6 Historical Section ., . . . . .
6.1 Inverter . . . . . .
6.2 Rotary Transformer. .
6.3 Pulse Width Switch . .
6.4 Pulse Width Control . .
6.5 Power Rectifier. . . . . .
6.6 Maximum Power Controller

6.6.1 Power Sensor Technique.
6.6.2 Current Sensor Technique .

6.7 Trickle Charge Controller
6.8 Spacecraft Power Simulator .
6.9 System Testing o . . + . . . ...

7 Technical Section . . . ., . . . .
7.1 Inverter . . . . . . . . .. .
7.2 Pulse Width Switch and Filter. .
7.3 Pulse Width Controller.
7.4 Rectifier . . . . . . . . .
7.5 Synchronous Detector . . . . .
7.6 Jitter Generator. . . . . .
7.7 Current Sample Ar plifier
7.8 Current Transformer .
7.9 Battery Charge Detector .
7.10 Trickle Charge Control
7.11 Constant Voltage Control . .

8 Simulator Section . . . e e
8.1 Solar Array Simrulator . . .
8.2 Battery Sirrulator . . . ..
. 8.3 Spacecraft Electronics siriulator

9 New Technology . . . . .o

10 Conclusions and Recorrn:endations .

1] Bibliography. . . . . . . . .

12 Glossary . . . ¢« . v . v o v v o . .

iii

42
a3

a4 - aj
of,

97 - 104

BERE 7 T S R

hi
3

TR R




Section

Description

II

I

v

APPENDICES

Test Transforr-er (Rotary Tran<forr.er No. 1) . . . I-1 =
Mather:atical Transforr er Model

(Rotary Transformer No. 2) . . . . . . . . . . II-] -
Redesigned Transforn er

(Rotary Transformer No. 3) . . . . ., . . . . . HI-I -
Muxin uni Power Conditions, . . ., . . . . . . . . IV-l -




LIST OF ILLUSTRATIONS -

Figure

I SIS S BT P AR VR SR

Description

.__ ,
OV ONOWMbhWN -~

T T U e
WO h WV -

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

XT596A Transformer

R

Block Diagram , ., , . . . . . . .
Bridge Inverter , , , . . ., . . . .

Simplified Inverter and Current Feedback Drive

Pulse Width Switches , , , , ., ., .
Preliminary P. W, Controller, . .
Synchronous Rectifier Using SCR's
Block Diagram , , , e e e 4 .

Current Sample Clrcmt and Test Setup

Current Sample Circuit - Output vs Input

Multiplier , , , ., ., ... ...
Multiplier Output vs I.nputs e e e e e
Synchronous Detector , , , . . ., .
Test Setup for Power Measurements
Test Panel , ., , , .
Efficiency Test Setup

Non-Dissipative Charge Controller usmg a

Rotary Power Transformer, . .
Inverter , ., . . ... .....
Switching Regulators
Pulse Width Regulator
Synchronous Detector
Jitter Generator, , , ., ., . . . . .
Current Sampler Amplifier, ,
Battery Full Charge Detector,
Trickle Charge Control , , ., . . .
Typical Solar Cell Curves , , ., ., .
Solar Fanel Simulator , , ., , . .
Battery Simulator , , , , . ., . ., .
Spacecraft Electronics Simulator
XT621A Transformer
XT609B Transformer
XT625 Transformer
XT636 Transformer , . , ., . . . .
XT607 Transformer ,
XT619 Transformer

L] . . L] . .
. . . - . L] .

3

o'

Page

AR

B S R




BNl N

R prew < ks

Figure

EE AT

SR I S

3

L S
L RN

i

Description

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

S gy

XT637 Transformer , . o o o & o v o o o o .
XT638 Transformer , , . . . . . . . . . . .
XTé33 Transformer « + « « « . .
XT639 Rotary Transformers . . . . .
XT626 Choke « o &+ v o o o « ¢« o o o .
XT634Choke « . « « + .« v« v v v v 0.
XT628 Croke « « v v o o 4w v v v v v 0 o
XT631 Choke « « v v & ¢ ¢ & o v v v 0 o v .
XT635Choke + « v o o & « ¢ o v o v v o . .
Test Transformer e « o« o o« « « « « & + . &
Mathematical Model « . &« ¢ &« ¢« ¢ v & . . . .
Final TestDesign . « . . . . « + « 4 & « . .
Excitation Waveforms- « « .« . . . « « . . . .
Inverter Circuit. . . . . . . . . . . . . . .
Inverter Waveforms . . . . . . . . . . . ..
Winding Arrangement . . . . . . . . . . . .
Half Section of Rotary Power Transformer No., 3
Alur“inum Housing. . «.¢ « « o . . o . . . .
Ferrite Shell Cylinder . . . . . . . . . . .
Ferrite Shell Extension Cones . . . . . . . .
Ferrite COTe « « o o 4 o o o o o o . o« e e .
Ferrite Core extension Cone « . . . . . . .
Alurrinum Core Assembly Quill
Aluminum Quill Nut . . . . . . . . . . . . .
Bzll Bearing Races . . . . . e e e e e
Teflon Spacer and Ceramic Ball. N
Equivalent Circuit for Maximum Power Calcula-
tONS & & & ¢ 4 ¢ 6 4 e e e e e e e e e

. 32

=N



4,

LIST OF TABLES -

Number

Description

L

W v

(S, ]

Test Data on Current Sarple Circuit
Test Data on Multiplier
Maximum Power Controiler Test Dote -

Manual vs Auton:.:tic Controlling .
Maximum Power Controller Test Data -

Output Power vs Load

Final Test Data .

Transforier Characteristics

S B Ll et e e e R ey R 5

vii

-y

RS

. 3 .

. . .
. ‘ v
. . .

Payge

87
Q8

89
a0

{)]
12




*

INTRODUCTION - The purpose of this renort is to discuss the de-
sign ind over«tion of a Non-dissipative Charge Con'roller using a
Rotary Transfor'er, developed for NASA/GSFC by Matrix Research
and Decveloprr-ent Corporation under NASA Contract NAS5-9204,

The object of the contract was to design and fabricate » rota ry power
transforr-er of small size, light weight, and high efficiency, and to
intecrite the transforr er into a charge control circuit which maxi-
mizes the power obtainable from a solar array, Tle rotary transe-
former couples power from a rotatable solar array to the spacecraft,
thereby eliminating the need for slip rings.

Figure I is a block diugram of the general technique which was studied.
An inverter is used to chop the output of the solar array to procduce an
alternating vol:ace which is transmitted to the spacecraft through a ro-
tary transforr er., T'e output of the rotary transformer is then recti-
fied proiucing a direct voltage. This is then fed into a pulse-width re-
zulator which transforms the supplied voltave to the level required to.
charye the battery, The pulse-width regulator can be considered as

an adjustable DC transformer, since it can step down a direct volta ve
without "dissipating'' power (Eip lin Eogut Iout)e The pulse-width re-
gulator can therefore be used to match the impedance of the solar array
to that of tt.e battery, providing an optimumr power transfer, Ttre con=
trol for the rul:e-uwidth regulator is provided by & maximur nower con-
troller which is capable of vro-lucing & control signal that causes the
pulse width reculator to match the solar array irmpedance to the battery
imped:ance, ‘

Two : e'l ods of maximum power controlling were investigated under
this contrac'. Tie first system used a power sensor which was lo-
cated &t 'he output of the rectifier., The output of *he power sensor
was fed irto the maxir ur power controller which cor pared the phase
and amplitude of the outpu: of the pover sensor to a low frequency jitter
signal injected into *“e control loop. Fro:~ this is produced the desired
control signal ‘or the pulse-width regulator.

The second syste *ested used a curren' ~en-o- on the ouatput of the
pulse-width regulator. The output of the current -e1 »or was fed into
the sarre :jaxin uri power controller as r-entioned previou:ly, How-
ever, in this case, the output current of the pulsewidth regulator was
maxin:ized instead of the power output of the rectifier.
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Since the circuitry required to maximize the battery input current is
less than that required to maximize power, and since maximum cur-
rent into the battery is equivalent to maximum power into the battery
(discussed in Appendix IV), the current maximizing circuitry was cho- -
sen for the final design.

The breadboard also includes circuitry for trickle charging the bat-
teries. This is accomplished by means of a DC current sensor on the
output of the maximum power controller which connects to the battery,
The output of the DC current sensor goes to a regulator which controls
the pulse-width regulator, thereby maintaining a fixed low current into
the battery, Switching from the maximum power mode to the trickle
charge mode is controlled by a tunnel diode level detector which cone
nects-to the third electrode of one of the battery cells,

As part of the breadboard testing program, a spacecraft power simu-
lator was designed and constructed in or‘.‘t to provide realistic test
conditions. A Tt

In the following text, the Charge Controller and its evolution are cov-
ered in detail, First is a discussion of the development of each major
component and circuit of the system, Following this is a circuit des-
cription of the final breadboard, The next section contains a discussion
of the spacecraft power simulator and a description of the testing done
on the breadboard. The last section prior to the Appendices is a dis-
cussion of the recommendations and conclusions reached during the
contract, ‘ ‘
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6.1
INVERTER - The goal of the inverter design was to produce an in-
verter that would operate efficiently over a wide range of input cur-
rent and voltage, while adhering to the following design criteria:

l. The switching frequency should be higher than about 10KHz
and should be stable,

2, It should be capable of handling voltages as high as 50DV,

3. It should be capable of handling steady-state input currents
of 2.5 amps and transients to 5 amps,

4. The weight should be kept to a minimum,
5. Reliability should be maximized.
Two basic types of inverters were considered: a Z-transistor, center
tapped circuit, and a 4-transistor bridge circuit. The advantages and

disadvantages of each type are outlined below.

CENTER-TAPPED .

Advantages
1. Highér efficiency since there is only one trar{sistor drop.
2. Higher ieligbiuty due to less parts.
3. Less weight due to fewer parts,

4. Less complex drive circuitry,

Disadvantages

1. Higher voltage stress on the transistors.
2. More wire required on transformer primary,

3. Larger voltage spikes since the "off'' side of winding is
open circuited.
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Advantages

1, Transistors see lower voltages. .

2, Less wire required on transformer primary, .
3. Less overshoot since both ends of the primary are re-
turned to low impedances,

Disadvantagea

1. Lower efficiency since there are two transistor drops.

2. Large current spikes or voltage spikes if transistors do
not switch at the proper times,

3. Higher weight
4, More complex drive circuitry,

Tests of preliminary circuits of both types show that higher effici-
ency could be obtained with the 2-transistor switch, however the
maximum allowable collector voltage rating that could be obtained '
for a transistor which could meet the other requirements seemed
to rule out the 2-transistor circuit. The combination of a normally
higher transistor operating voltage with the 2-transistor circuit,
plus the presence of higher spikes due to the positive-going end of
the primary being open circuited, produced voltages considerably
above the maximum collector rating of the transistors (nominally
100DV).

Attention was therefore focused on the bridge inverter. The major
problem encountered with this circuit was proper timing of the
switching waveforms. In the bridge circuit (Figure 2), there are
two transistors in series between B+ and ground. If both these
transistors were to conduct the same time, a large current surge
would be drawn through them with a resulting loss in efficiency.

It is therefore very important that the “on’’ transistor be turned
"off'' before the second transistor is turned '"on''., The problem is
caused by the storage effect of the transistors, since if both the'
transistors are switched at the same instant, the '"off' transistor
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switches '"on'"'; however, the ''on'' transistor remains ""on" for
the length of the storage time of the transistor. In order to com-
pensate for this effect, it would be necessary to introduce some
delay into the waveform which drove the transistors '"on''. Since
the storage time of a transistor varies with the base current, this
delaying circuit would have to be proportional to the driving cur-
rent for best results,

With this characteristic in mind, and with the further knowledge
that a bridge is somewhat less efficient due to its two series trans-
istors, it was decided to take a further look at the 2-transistor in-
verter, '

The further study into the 2-transistor inverter was prompted by

a new line of transistors produced by ''Solitron''. Their 200V 10.amp
switching transistors overcame the major problem confronting the
2-transistor inverter, namely transistor breakdown voltage. Also,
the improved rotary transformer had less leakage inductance and
therefore produced lower voltage switching spikes which also helped
to solve the problem. With these developments, the 2-transistor
inverter design was decided upon.

The problem of providing an efficient drive system for the inverter
transistors was an area that was given considerable thought. The
conventional system is to drive the transistors with windings from

a magnetic oscillator. This technique requires that the drive level
be set at the maximum current expected to be handled by the inverter.
However, since the inverter operates over a considerable range,

this means an excess drive would be supplied at anything less than

the expected maximum level, Also, if dhe to some unforseen condi-
tions the maximum level was higher than expected, the drive would
be insufficient, -

Since the best drive conditions for a saturating switch transxstor is
with the base current of 1/10 the collector current, some sort of
current feedback fram collector to base seemed to be the best solu-
tion. Figure 3 shows the technique used, The collector current in
the '"on' transistor supplies the base current for itself, By using

. £
one transiormer for both tramsistors S, balancad pc=!t‘v- and negat"'-

flux levels are obtained in the transformer core, thereby requiring
a smaller transformer than that which would be if a separate trans-
former were used for each transistor. Also, since the transformer

.
.
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is driven in both directions, a low impedance negative voltage is
obtained on the base of the transistor which is turning "off', thereby
enhancing switching speed.

Although this circuit will free-run due to the saturation of the drive
transformer once oscillations are started, it is nota self-starting
configuration, Also, there will be frequency variations due to maxi-
mum flux level changes with temperature. Therefore, it is desirable
to use a stable oscillator to start the circuit and to provide a stable
operating frequency with temperature. This is accomplished by add-
ing another winding to the drive transformer. This winding is driven
by a magnetic oscillator. Due to the large voltage or current step-up,
a low power signal into the winding is capable of initiating a state changé
in the inverter, Once the state change is initiated by the oscillator,

the regeneration of the inverter causes rapid switching to its other
-state,

To further enhance switching speed and to reduce storage time,
transistors were added from base to emitter on the inverter trans-
istors, These transistors are driven by the oscillator to provide a
low impedance on the bases when the transistors are turning ''off".

Since a constant voltage is required on the oscillator to provide a
constant frequency, a regulator which drops the supply to 10V is
used, Due to the low power consuﬁqption of the oscillator, a dissi-
pative regulator is used. By adjusting the output voltage of this re-
gulator, the inverter frequency can be varied.
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6.2
ROTARY TRANSFORMER - Three (3) transformer designs were
made and fabricated throughout this program, The first and second
ones were reported in the first reporting period, . The first or so-
called "Test Transformer' consisted of the largest cup core avail-
able at the time at Matrix, and was 7/8" in diameter and 5/8" long
(Figure PD-1, Report #1). The winding space was wound full and
tested for its capabilities with sine wave excitation (pages 4-6, Re-
port #1). The results are summarized as follows:

Primary turns 9

Secondary turns 8

Output load’ 16 ohms

Input volts 8.65 rms volts
Input current 1,56 rms amp
Output volts 7.42 rms volts
Output amp 0.56 rms amp
Frequency 10KHz
Excitation current 1,48 rms amp
Efficiency - 98,7%

This is described in Appendix (I),

The second model was désigned to have a rotatable secondary and

was described in pages 6-26 of the first reporting period, with Fig-
ures PD-2, PD-4, PD-5, and PD-7. The construction was completed
by the end of that reporting period. The detailed description of this

‘model is found in Appendix (11).

The final (third) design accommodates the mounting of the trans-
former over a 1,000" outside diameter tubing which in turn supports
the solar panels. The connections from the panels thread the inside
of this tube, emerging at one end of the transformer to make con-
nections to the primary terminals, At this point, part of the power
processing has been done already, since only alternating current
can pass through the transformer,

Nominally, 100 watts is required of this design., However, the trans-
former has negotiated about 320 watts for a short time with only mod-
erate heating, With very little change in dimensions, this design can
easily be made to handle powers of the 1000 watt level, Figure C
shows the proportion and arrangement of the windings, core, and
frame, The detailed calculations are given in Appendix ({l), and
construction details are shown in Figures 52 through 61,
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6.3 ' _ &
PULSE WIDTH SWITCH - Figure 4A is a schematic of the first
pulse width switch tested. This circuit has been successfully used
in low power applications, however several problems made it unde- .
sirable for use at the higher power levels in this application. One RS
problem is that the pulse width switch is DC driven and therefore
the control circuitry ground is the same as the power ground., This :
causes considerable noise problems since there are high amperage : %
sk

.
-

ground currents in the power ground. A second problem is encount-
ered due to the storage time of the switch transistor. When Q3 turns
""on', it turns Ql and Q2 "off", bringing point A to ground. Since E,
+ Eg is only 3V to 4V, little power is lost in R3., However, during
the period that its storage time keeps Q1 turned '"on'", E; + E; + E,
appears across R3, which can amount to a significant power loss,

A third problem is the necessity of returning R3 to a negative bias

in order to rapidly and completely turn '""off'" Q1 and Q2.

In order to overcome some of these problems, the pulse width switch
was changed to the circuit of Figure 4B, Here the drive to the switch-
ing transistor is AL coupled by traneformer Tl. With this circuit, it _
is not possible to obtain 2 100% duty cycle on the switch, however this
is not a significant problem since for the loop to operate properly, a
100% duty cycle must be avoided. With the drive AC coupled, the con=
troller ground can be kept separate from the power ground., Transistor
Q5 is used to drive the transformer, and Q5 is in turn switched by Q6.
T1-A is used to provide some regeneration to Q5 in order to improve
the switching speed.

With this circuit, the storage time of Q4 causes no severe problems,
The switch simply stays on for the length of the pulse width signal
plus the storage time of the transistor, In this way, there is no power
loss associated with the storage time.

As with the inverter, the best efficiency is obtained in the series -
switch if its base drive is proportional to its collector current. Thjd
is accomplished by inserting two windings of a current transforme‘ :
in series with the inverter outputs before they are rectified. The sec-
ondary of this transformer is full wave rectified and filtered and used
as the supply voltage for Tl. This supplies a certain number of amp
seconds to be used to drive the base of the series switch, Since the

' number of amp seconds out of the inverter is the same as the amp
seconds through the series, switch, the base drive of the series switch
is proportional to its collector current,

§ : ' ey
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6.4
PULSE WIDTH CONTROL - The pulse width control circuitry has
also undergone changes from that shown in the second quarterly re-
port (Figure 5),, This circuit utilized a differential amplifier to
compare the DC input signal against a ramp generated by a current
source feeding a capacitor, the capacitor being discharged each half
cycle of the inverter by transistor Q7. The jitter is introduced by
varying the current source output,

The problems encountered with this circuit are:

1. I the input signal became too high, then the output signal
goes to a 100% duty cycle and the jitter is lost, This is
not permissible for proper operation of the maximum *
power controller,

2, The rise and fall times of the pulse width signal were not
sufficiently fast, :

3. Since the differential amplifier must compare voltages
close to ground, a negative bias supply is required,

4. The square wave signal from the secondary of the RPT
has transients which require that the waveform be re-
shaped before it is used to lynchromze the pulse width
controller,

The redesigned circuit is given in Figure 19, Instead of using a
fixed current and a variable comparator, this circuit uses a vari-
able current source with a fixed voltage comparator (Schmitt trig-
ger). Capacitor C23 is as before discharged by Q25 at each half
cycle of the inverter waveform, however the output of the RPT is
shaped by transistors Q33 and Q34 before it is used to trigger Q25,
R41 plus R44 set a maximum time in which capacitor C23 will be
charged to the firing level of the Schmitt trigger, and therefore set
a maximum duty cycle that can be obtained., The jitter is intro-
duced by shunting R44 with Q26, and therefore varying this maxi-
mum duty cycle, This circuit therefore sets 2 maximum duty cycle

and insures that the jitter will not be eliminated,

The Schmitt trigger provides the required fast switching waveform
to efficiently drive the pulse width switch,
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6.5
POWER RECTIFIER - The output of the rotary power transformer

is rectified by a pair of diodes and filtered by a single capacitor,
After being rectified and filtered, the output of the rotary trans-
former is then again chopped by the pulse width switch of the main
switching regulator,

The possibility of combining the functions of rectification and pulse
width switching into one operation can be seen to hold possible ad-
vantages, insofar as greater efficiency is achievable through the
removal of one voltage drop and greater reliability through the re-
duction in the number of components, After study, however, one
finds that in this application the only semiconductor devices that
are designed for this sort of application are SCR's,

The semiconductor device required must be capable of handling a
minimum forward current of 5 amps and be capable of blocking at
least 50V in the reverse direction. A preferred device would be
capable of handling 2 minimum of 5 amps in the forward direction
and be capable of blocking 50V in the forward direction and 100V in
the reverse direction. The lesser requirements are produced by
a circuit which uses two chokes and two recirculating diodes requir-
ing that the switching device block only in the reverse direction.
This system, however, requires the use of much larger chokes,
since the choke must supply energy for greater than one-half cycle,
and more current flows through the recirculating diodes, which re-
sults in higher losses,

The design of transistors is such that they do not readily lend them-
selves to this type of function, being designed to conduct and block
in the same direction. In the reverse direction, a transistor must
block with the base-to-emitter diode which normally has a 5V to
15V breakdown rating. If the circuit utilizing two chokes and re-
circulating diodes is used, there is no necessity of blocking in the
forward direction, so that if the transistor is used in the inverted
mode (swapping emitter and collector functions), the reverse block-
ing can be accomplished. The problem with this configuration is
that the beta 'in the inverted mode is less than one at high currents
{greater than ! amp). The drive required, therefore, makes trans-

istors used in this configuration more lossy than diodes.
One device that will meet the breakdown and conduction require-

menis is a silicon controlled rectifier, The disad
device are:
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1. Ithas a high forward drop, since it has a diode in the
forward path;

2, It is considerably slower than a fast switching transistor;
and

3. It requires a more complex driving circuit,

A circuit using SCR's as synchronous rectifiers was breadboarded
and tested, The circuit is given in Figure 6. The output of the RPT
was fed to two SCR's and the output of the SCR's was filtered by L3
and C3, with CRI! being the recycle diode which allows the choke to
supply energy to the load during the SCR "'off'' time. The SCR's
were switched '"on'" by a blocking oscillator (Q1, T2) and turned
"off'' by the negative-going input waveform, Commutation between
the two SCR's was automatically accomplished by the AV square
wave input to the SCR's,

The circuit worked well with the exception that the efficiency was
poor (Approximately equal to 75% at 100 watts). There were sev-
eral causes of this low efficiency.

First, as mentioned above, the switching time of an SCR is slow.
(The SCR's used were Transitron 2N1773A's with a rise time of
lus and a fall time of 5us, This SCR type is one of the fastest a-
vailable) Since during the switching time there is both current
through the device and an in-phase voltage across it, power is dis~
sipated., :

Secondly, on turn-off the voltage across the SCR is reversed and

due to the slow fall time, large reverse current transients are pro-~
duced which further reduce efficiency. L1 and L2 were added to
reduce these reverse currents, Considerable reduction was accom-
plished, however, the required chokes were large enough to interfere
with the forward operation, Diodes in series with the SCR's will
solve this reverse current problem, however this eliminates one of
the main reasons for synchronous rectification, namely to reduce
the number of series semiconductor drops.

The third problem with the synchronous rectification and probably
the most significant is the effect it has on the operation of the in-
verter, If the inverter is full wave rectified and filtered, the in-
verter is continuously loaded and the output current to a first order
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is constant (with a short discontinuity during switching)., With the
synchronous rectification, however, the loading is not continuous,
the inverter being loaded only during the '"on'' time of the syn-
chronous rectifiers, If the same amount of power is to be handled
by an inverter feeding a synchronous rectifier system as one feed-
ing a full wave rectifier and filter, then the inverter feeding the
synchronous rectifier must have a current which is one divided by
the duty cycle times the current of the inverter feeding a full wave
rectifier. Since the circuit being designed must operate over a wide
input voltage range (16, 6V to 50V), the duty cycle at the maximum
operating voltage is low (approximately equal to 25% or ,25). The
inverter feeding the synchronous rectifiers must therefore handle
four times the current of the inverter feeding the full wave rectifier
and filter, This causes considerably more I°R losses both in the
transformer windings and in the transistors, and therefore reduces
the efficiency, '

Also, during switching of the inverter transistors, the inverter is
unloaded (the switching of the inverter having turned off the SCR's)
creating higher transient switching voltages in the inverter.

The conclusion, therefore, was to use a full wave rectifier and filter

the output of the inverter, and to follow this with a transistor pulse
width modulated switch,

12
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6.6
MAXIMUM POWER CONTROLLER - During the course of this pro-

gram, two different techniques of achieving maximum power were in

vestigated, The first technique was to measure the power at some
point in the path from the solar cells to the battery and maximize
this power, The second technique was to maximize the current out
of the unit and thereby achieve maximum power,

The two approaches require the same types of circuitry with the ex-
ception that the power measuring technique requires a power meas-
uring circuit while the output current maximizing technique requires
that the output current be sampled. :

Figure 7 is a block diagram of either system, depending on whether
the circled block is considered a power measuring circuit or a cur-
rent measuring circuit, (It should be noted, however, that although
the power measurement circuit is shown at the output, it could be
placed anywhere in the forward path as discussed in Appendix (IV),
The current sample circuit, however, must be at the output).
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6.6.1

POWER SENSOR TECHNIQUE - The first system to be bread-
boarded and tested was the maximum power sensing circuit, The
power sensor was a multiplier circuit which multiplied the current
flowing through the rectifiers times the voltage on the output of the
rectifiers, The current was sampled by means of a current trans-
former in series with the rectifiers (Figures 8 and 9, Table I), The
output of the current transformer is full wave rectified, filtered and
fed into a resistive load. The voltage across the resistor is now
proportional to the current through the rectifiers,

The current sample is then fed into the multiplier along with the
voltage at the output of the rectifiers, For the specific use intended
here, the absolute value of the power being measured is of little sig=
nificance, and the desired output is actually the variation of this
power level as the effective load is jittered by some small increment,
This allows scale factors to be chosen for convenience, and tends to
minimize the effects of non-linearities occuring outside the range of
interest, :

The multiplier consists basically of a duty cycle modulator, a switch,
and an averaging filter, Multiplication occurs in the following fash-
ion: If a voltage is applied to the input of the switch and the duty cycle,
or ratio of "on' and "off'" times of the switch is varied, it can be seen
by inspection or shown by a Fourier analysis of the resultant wave-
form that the average output of the switch is the input voltage times
the duty cycle, Consequently, if this average output is then detected
by means of an averaging filter, the output of the filter will be a pro-
duct of the input voltage and the duty cycle. If in turn the duty cycle
is made proportional to some other parameter, in this case speci-
fically the bus line current, the result is the product of the bus line
current and voltage, which is, of course, power., This assumes only
that the rates of variations in the two parameters being multiplied
are sufficiently slower than the switching rate of the duty cycle modu~
lator so that the output can be properly filtered without attenuating

the variations caused by either input,

Detailed operation of the circuit (Figure 10) is as follows: Trans-
istors Q2 and Q3 form a differential pair which functions as a volt-
age comparator. The emitters of Q2 and Q3 are fed by a constant
current source comprised of transistor Q4 and associated resistors,

14
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The purpose of the constant current source is to hold the operating
point of the differential stage constant with relatively wide*swings
at the two inputs, and to provide maximum coupling between the
two halves of the differential amplifier, The base of Q2 is driven
with a linear ramp generated by constant current generator Ql and
associated resistors, which charges capacitor Cl at a linear rate.
The ramp is reset to ground once per cycle of the main oscillator
by shunt switch Q8 which is driven by a differentiated output from
the oscillator, The output of the current sample circuit is fed to
the other input of the voltage comparator which is the base of Q3.

If the action of the circuit is considered from the time the ramp has ,
been reset, it may be seen that Q3 at this time is conducting, which
in turn causes Q7 also to be in the "on" or conducting state through
the action of the driver transistors Q5 and Q6. Excessive gain is
used between the output of the comparator and the switch transistor
Q7 in order to sharpen the switching time. As the ramp rises, it
ultimately reaches an amplitude where it equals or slightly exceeds
the voltage at the base of Q3 and causes the differential amplifier to
swing in the opposite direction, i.e., Q2 conducting and Q3 heading
toward cut-off,

When this condition occurs, Q7 will go to the "off'"' state, again
through the action of driver transistors Q5 and Q6. When Q7 is
in the "off" state, the clamping diodes, CRI1 and CR2, in conjunc-
‘tion with the current source Q8, hold the output of Q7 at ground
level, If the ramp is linear, the time required to reach this state
is a function of the voltage at the base of Q3, which is in turn a
function of the current through the main bus, As this level is
raised and lowered, the duty cycle of the series switch Q7 is raised
and lowered in direct proportion to the control signal, The output
of Q7 is averaged by means of a multisection RC filter in order to
obtain the average value which then yields the desired product
term,

Test results on the multiplier are tabulated in Table 2, and plotted
in Figure 11. Eg was held constant while E, was varied through its
operating range. This was then repeated for various levels of Eg.
For a given Eg value, the output of the multiplier should be a linear
function of Ey, This is demonstrated in Figure 8, It can be seen,
however, that there appears to be a small offset in the output, This
is caused by miss-match in the differential amplifier, storage time
in the series switch, transistor Q7, and the finite rise and fall times
of the output of Q7. In operation, however, the multiplier is never
required to operate at less than a 20% duty cycle, so that the non-
linearity at low levels causes no problems.

15
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An obvious alternative approach to the duty-cycle modulation por- .
tion of both the multiplier and the main power controller would be
the use of a magnetic amplifier as the current or voltage ~to-duty ﬁl'
cycle converters, A cursory examination of the alternatives in- o
dicate that although the magnetic amplifier has certain advantages,
specifically in that its control winding may be placed directly in a

DC line thus providing a convenient point to sample the direct cur-
rent, It does suffer from certain disadvantages which tend to re-

duce the desirability of this approach. The magnetic amplifier is . &
basically a non-linear device requiring the use of fairly extensive o
feedback to guarantee the multiplier output being a reasonably lin- s

ear function of the true output power,

Additional circuitry is necessary to obtain reasonably fast switch-
ing waveforms from the device without dis sipating excessive power,
This approach is relatively inflexible in that any type of scale change
must be effected by redesigning and rewinding the device. It is
somewhat expensive to build in the special configurations required
for this application, It also has a rather slow response speed if b

' one attempts to derive much gair from it, While not particularly -
important for this specific usage, it would tend to narrow the range
of possible applications for the multiplier device.

The output of the multiplier is coupled into an AC amplifier which
amplifies the jitter frequency signal to approximately 8V peak-to-
peak. This signal is then fed into a synchronous detector (Figure
12). The function of this detector is to provide a DC output as a
function of both the phase and amplitude of the jitter frequency out-
put of the multiplier., To accomplish thig, the jitter frequency out-
put of the multiplier is AC amplified and synchronously detected by
means of a shunt chopper which is driven by the jitter generator,
This drive signal is phase shifted somewhat to compensate for the
phase shift in the input signal to the detector which results from

the response of the main pulse width regulator and the filtering of
the main bus line, o

Following the chopper is a 2-stage DC amplifier which boosts the
signal level and in addition performs the final rectification. Al-
though both a positive and negative output would be available from
this circuit, the positive output only is taken since the single sided
output is sufficient to control the main pulse width converter. The
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control circuit operation is such that the output of the synchronous
detector is essentially zero up to the point of maximum power, and
then rises in a positively-going direction very sharply as the maxi-
mum power point is reached. This rise is commensurate with the '
phase reversal which occurs at the multiplier output at the point
where maximum power is reached. The output is then fed to the
main pulse width converter and used to control the duty cycle of
the main regulator in such a manner as to hold the power drawn
from the main bus at a point very near the maximum power level,

Problems of varying loop delays, however, created problems with
the synchronous detector of Figure 12, It was therefore decided
that better results could be obtained if the synchronous detector
averaged the output of the amplifier during its sample time., This
requires that the switch used in the synchronous detector be bilat-
eral,

The revised synchronous detector circuit (Figure 20) uses a field-
effect transistor (FET) to accomplish this objective, The output

of the FET is filtered by C31 and C24, and then amplified by Q32
and Q33, This amplified signal is then fed into the pulse width con-
trol circuitry,

As described above, the circuit detects the phase reversal which ac-
companies the maximum power point. By averaging the amplifier
over the synchronous detector sample period, much greater phase
shifts in the jitter signal can be tolerated.

The jitter generator (Figure 21) consists of a 100Hz unijunction
oscillator which drives a complementary flip-flop. The flip-flop
therefore runs at 50Hz and provides the jitter signal to the pulse
width controller and the synchronous detector.

Measurements taken on the maximum power controller described ,
above are given in Tables 3 and 4. Figure 13 is a block diagram of
the test setup. In Table 3, the two column headings are '"controller: :
maximum' and '""manual maximuwn', In the ''manual maximum' teste |
ing, the control input to the pulse width controller was replaced by
a variable voltage source allowing the pulse width to be manually
controlled. This control was then adjusted to give the maximum
output power and the various voltages were recorded under '"man-
ual maximum'',
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Then the control loop was closed and the circuit was allowed to
find its maximum. The resulting parameter values are listed
under ''controller maximum'',

Ideally, the two columns should be identical. However, since the
power measuring device is not located at the output of the circuit,
it attempts to maximize the power into the pulse width switch and
the resistor, Since the pulse width switch has a series resistance,
there is a difference between the maximum power out of the recti-
fiers and maximum power into the load. This discrepancy, how-
ever, is less than 2%, and in practice would not be a problem,

Table 4 gives the variation of input and output power due to load
changes, As the load is changed by a factor of 6, the inverter in-
put resistance Rjn changes less than 2%, indicating close tracking
of the maximum power point, R;, is approximately 21,50, For
maximum power transfer from the source, Rin should be 200, how-
ever., The power sensor is located at the output of the inverter,
and therefore tries to maximize the output power from the source-
inverter combination, This tends to increase the value of Rin.

18
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6.6.2
CURRENT SENSOR TECHNIQUE - The second approach to maxi-

mizing the available power is to maximize the current into the load.
The circuitry necessary to accomplish this requires only that the
power measuring circuit be replaced by a circuit that samples the
output current, As with the power sensor, only the variations in
the output current caused by the jitter frequency are necessary;

the output current sample therefore need consist only of a current
transformer, The output of the current transformer is filtered

(to remove the ripple at the inverter frequency) and fed into the
amplifier (Figure 22).

During discussions with Mr. Leo Veillette (the NASA technical rep-
resentative on the contract), it was decided that the output current
maximizing technique would be the best choice to pursue., This con-
clusion was reached for several reasons: First, the output current
sensor requires only a transformer while the power sensing circuitry
is quite complex and must be accurate for good operation. Second,
the output current sensing technique is both lighter and more reliable,

and third, although the power sensing technique is more general than &4‘
the output current sensing technique, in this application the output e
current sensor provides better results, This is due to the fact that ?:@
the output current sensor matches the load to the entire power con-

LA

version system, thereby providing maximum power into the load.

The power sensor, however, matches the pulse width converter to

the solar array and inverter, and thereby provides maximum power

to the pulse width converter and load, combination which is not maxi-

mum power to the load.

The power sensing techmque could provide maximum power ,to the

load if the power sensor were placed at the output, This,Vhowever,
‘e

would require the use of additional c1rcu1try in order to accurately

sample the output direct current.
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6.7

TRICKLE CHARGE CONTROLLER - Although it is required in .
the contract that the design only be capable of constant current con-
trolling (the circuitry not being supplied), it was felt advantageous
by Matrix and the NASA technical representative that the circuitry
be included on the breadboard,

The constant voltage mode in which the design must also be capable
of operating is not included on the breadboard. Since the techniques
for accomplishing this are quite standard, little would be gained by
including this capability on the breadboard. This mode of operation
is demonstrated in the spacecraft electronics converter which is
part of the spacecraft power simulator, where a pulse width regula-
tor similar to the one in the maximum power controller is used to
produce a constant voltage output.

The breadboard can therefore operate in two modes -- maximum
power, or constant current (trickle charge). This is accomplished
by the use of two control loops which are selected by the battery
third electrode sensor, When the battery is in a discharged state,
the third electrode sensor activates the maximum power loop. When
the battery reaches approximately 80% of full charge, the third elec-

trode sensor is tripped which causes the breadboard to shift to the
constant current mode.
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6.8
SPACECRAFT POWER SIMULATOR - In order to properly test
the operation of the breadboarded maximum power controller, it

was necessary to provide inputs and outputs similar to those which . .
would be seen on a spacecraft,

SN

For this purpose, a simulated solar array, simulated battery, and a
typical spacecraft electronics load were designed, These units were =i
built into a rack and panel in order to provide a convenient test setup.
Figure 14 is a sketch of the front panel of the spacecraft power si-
mulator. Input and output connections are made by means of color
coded binding posts. Since considerable power is dissipated in the
simulator, a muffin fan was incorporated to provide cooling., When
the power simulator is in use, the fan should be turned on; other-
wise, damage to the power simulator will result,
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6.9

SYSTEM TESTING - Due to time limitations, only enough testing
wag done on the final breadboard of the maximum power controller
to ensure that the system met specifications, This was due in part
to the time spent in designing and construction the spacecraft power
simulator. The time spent on the spacecraft power simulator was
considered a good investment since it considerably simplified test-
ing and also provided realistic test conditions. Furthermore, con-
siderable testing was anticipated at GSFC upon receipt of the bread-

¢ board,

e }wp—" »
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Table 5 contains the final test data taken on the breadboard prior to
shipment, Figure 15 is a diagram of the test setup. All the output
power of the maximum power controller is fed into the battery simu-
lator to simplify measurements, The input and output currents and
voltages were measured, and the input power, output power and ef-
ficiency were calculated. The system efficiency exceeds the re-
quired 83% over the specified temperature range.

The trickle-charge current was also measured and recorded at the
temperature extremes, Due to temperature variations in the mage
netic core of the trickle-charge sensing transformer, there is a
possitive slope of current versus temperature, A simple resistor
thermistor temperature compensating network can be used to flatten
the shape, if desired. The trickle-charge level can be adjusted by
R112,
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7.
TECHNICAL SECTION - Figure 16 is a schematic of the maxi-
mum power controller breadboards supplied to NASA by Matrix,
The maximum power controller is divided into two breadboards;
the smaller section being the inverter and the rotary power trans-
former; the larger breadboard contains the rectifiers, switching

regulator, and the control circuitry. -

Figure 16 is divided into several sections by the dotted lines.
Each of these sections is a functional block. In the following text,
the overall operation of the circuit will be discussed, followed by
a description of the function of each section of the circuitry,

The purpose of the overall system is to take the power generated
by the solar cells, transfer this power from the rotatable solar
panel to the spacecraft, and then transform it to levels usable by
the spacecraft battery and electronics, Also, the system is de-
signed so that it maximizes the power available to the spacecraft
and battery., Should more power be available than can be used in
the spacecraft (battery fully charged), the system has provisions
for shifting to a secondary mode in which it trickle-charges the
battery while supplying power to the spacecraft electronics. The
system is designed to operate in conjunction with sealed nickel
cadmium batteries which have a third electrode for sensing the
charge state of the battery. The signal on this third electrode
determines the mode in which the system is to operate {(maximum
power or trickle-charge). :

The power from the solar array is chopped by the inverter. This
voltage is then coupled through the rotary transformer. The sec-
ondary of the rotary transformer is full wave rectified, filtered,
and then fed to the pulse-width switch. The pulse-width switch re-
duces the rectified voltage to the proper level to supply the battery
and the spacecraft electronics. The pulse-width switch is con-
trolled by either of two control loops, depending on whether the
operational mode is maximum power or trickle charge.

In the maximum power mode, the operation of the circuit is as
follows: The jitter generator introduces a 50Hz square wave com-
ponent on the 20KHz pulse width signal, This causes a 50Hz varia-
tion of the output current (since the load is a battery, the output
voltage is forced to remain approximately constant so that a pulse
width variation shows up as a variation in the output current).

23

R . L . s e N N . Y . . . . S -3
R et L oA el L AR et R R Y 4 X R . R R R R BEEEN SO W SO AT RN AN e




This 50Hz component of the output current is sensed by the current
transformer primary on the output, The current transformer sec-
ondary is filtered to remove the 20KHz pulse width modulation fre-
quency and the 50Hz output of the filter is then fed to the synchro-
nous detector, The synchronous detector averages the amplifier
ourput during its sample period (which is every other half cycle
of the jitter generator). The output of the synchronous detector is
positive when the output 4; is in phase with the jitter signal, The
pulse width controller is designed such that a zero input signal

from the synchronous detector produces a maximum pulse width,
which is approximately 85%. The pulse width is purposely pre-
vented from reaching 100% in order that the jitter signal not be
lost. When power is applied to the system, it therefore starts op-
eration at maximum pulse width, If the input levels and the load

are within the control range of the system, the output 4 caused by
the jitter generator will be in phase with the jitter signal. This

will cause an output from the synchronous detector which will pro-

duce a positive control signal to the pulse width controller, thereby
reducing the pulse width,

This process continues until the maximum power point is reached,
At this point, the phase of the 4 output reverses, causing a loss
of output signal from the synchronous detector., The system will
therefore begin increasing its pulse width until the synchronous
detector again produces a positive output voltage. The system will
then remain at this point, which is at a slightly higher pulse width
than the mafimum power point, (The amount of difference between
the maximum power point and the systern operating point depends
on the amount of loop gain. The maximum power controller has
sufficient gain to make the difference between these two points
negligible,)

The second control mode of the system (trickle charge) is initiated
by the battery third electrode. In this mode, the battery current
is regulated at a preset level, The spacecraft electronics load,

however, is allowed to draw whatever power it requires, Opera-
tion is as follqws:

The battery current is sensed by a single turn through the torroidal
core of a magnetic oscillator, The current in this winding produces
an unbalance in the core, and therefore asymmmetry in the square
wave output of the oscillator, The output of the magnetic oscilla-
tor is filtered, producing a DC level proportioaal to the ’amount of
asymmetry in the oscillator and therefore proportional to the cur-
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rent into the battery. This DC level is then compared to a zener
reference by a differential amplifier. The output of the differential
is then fed to the pulse-width controller which regulates the output
current,

When the third electrode voltage is low, signalling the maximum
power mode, the power to the magnetic oscillator is removed there-
by disabling the trickle-charge control loop. On the other hand,
when the third electrode voltage is high and the loop switches to the
trickle-charge made, the jitter generator is disabled, preventing
the operation of the maximum power control loop.
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INVERTER - Figure 17 is a schematic of the inverter. It is basic-
ally a pair of transistor switches which alternately switch the ends
of the primary winding of the RPT to ground. The center tap of the
RPT primary is returned to the solar array output, Each switch
collector therefore alternates between ground and twice the solar
array output voltage, since the open circuit solar array output can
reach 50V, The switches must be capable of withstanding at least
100V (transients caused by switching increase the required switch
breakdown considerably above 100V)., The switches should also
have a low saturation voltage in order to operate efficiently, The
transistors used are Solitron MHT7612's, which have a collector-
to-base breakdown of 220V and a collector-to-emitter breakdown
of 200V with a .6V collector-to-emitter saturation drop at 5 amps.

The bases of the switches are driven by a current transformer
which is connected in series with the switch collectors. In this
manner, the instantaneous collector-to-base current is a fixed
ratio of 10-to-1 at any collector current, This drive circuit is
both efficient, since it has no dissipative components other than
the switches themselves, and reliable, since it contains few parts,

Since the drive circuit is not self-starting and since its frequency
would drift with operating levels, a synchronizing oscillator was
added to maintain a reasonably constant frequency and to start os-
cillations, This oscillator is a resistance-coupled saturating mag-
netic oscillator. In order to keep its frequency constant, it is sup-
plied from a regulated voltage, This voltage is provided by a dis-
sipative regulator which receives its power from the input voltage.
Since the power required for the oscillator is low, a simple dissi-
pative regulator was used instead of a more complex switching re-
gulator. Changing the oscillator frequency can be accomplished by
changing the zener diode which controls the oscillator supply volt-
age,

A winding on the current transformer is connected across the col -
lectors of the osciilator.‘ (A resistor is connected in series with

the winding to limit drive currents) When the oscillator switches,
its collector \}oltages oppose the voltage Vap created by the inver-
ter. The osciiiator voltage being higher than Va} (due to the in-

verter), current flows into the a-b winding in such a manner as to
switch the inverter state. Once the switching has been initiated, =
the regeneragon of the current transformer causes rapid switch- '
ing. Transistors Ql! and Q12 were added from base-to-emitter
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of the switching transistors in order to further increase switching
speed and to reduce the storage time of the switching transistors,
Qll and QI2 are driven by windings from the magnetic oscillator,

Due to their high switching speed, transistors Q10 and QI3 are

. quite susceptible to damage from transients, Several diodes have
been added to the inverter to provide protection for Q10 and Q13.
CR3 and CR9 are 160V zener diodes and are tied from collector *
to emitter on the switches, Their purpose is to prevent transient
voltages higher than the transistor maximum ratings.

Diodes CR4 and CR10 are used to prevent the collectors of the
switches from going negative with respect to their emitters, Diodes
CRS5 through CR8 are connected in series pairs from base-to-
emitter of the switch transistors., Their purpose is to prevent the
base-to-emitter diode from reverse breakdown,

The inverter is required to operate at a 100 watt level (50V at
2.5 amps). The switch transistors are rated at 10 amps, how-
ever, making the inverter capable of tonsiderably higher power
operation. The inverter was succesgfally operated for a short
time (5 minutes) at a 320 watt level (§pV, 8A).
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7.2 ‘ '
PULSE WIDTH SWITCH AND FILTER - Figure 18 is a schematic
of the pulse width switch and its driving circuitry, The switch
transistor itself is a Solitron MHT7612 (Q20), chosen for its low
saturation voltage and high speed. Base drive is supplied to Q20
through transformer T4, The primary of T4 is driven by Q19,
which in turn is controlled by Ql18. Winding 5 and 6 on T4 pro-
vides regeneration, thereby increasing its switching speed. Since
the positive and negative volt-seconds must be equal for T4, the
duty cycle of Q20 must be less than 100%. In operation, the maxi-
mum duty cycle is approximately 85%. This is attained by driving
Q3 fer about a 70% duty gycle with the remaining 15% being added
by the storage time of Q20, No effort has been made to reduce the
storage time to a2 minimum, since it contributes no losses - the
only consequence of the storage time being to extend the duty cycle.

Diode CR23 is used to prevent collector breakdown of Q20, while
diode CR24 prevents reverse voltage from collector to emitter.

CR25 and CR26 are used to prevent reverse overvoltages from base
to emitter of Q20, The base is clamped in the reverse direction at
about 7V. This allows a 7V backswing on T4 (which resets the trans-
former), but will not allow voltage high enough to break down the
base to emitter junction of Q20.

The drive power for the Q20 is obtained from a current transformer
in series with the power rectifiers (T3). The primary consists of
two windings, one in series with each rectifier, The phasing on
these two windings is reversed, providing a balanced drive for the
transformer, The transformer secondary is center-tapped and is
full wave rectified and filtered by CR18, CR19, and C12. The DC

voltage developed across C12 is then used as a supply for T4,

By selecting the proper turns ratio for T3, the base current of Q20
is made to equal approximately 1/10 of its collector current for any
operating level, : '

Following Q20 is the recycle diode CR27 which provides a current

path for the choke L2 when the series switch Q20 is "off'"". Since

this diode must operate at the same current level and switching

speeds as the series switch, a low saturation, fast recovery diode
was chosen.




L2, L3, and Cl4, C15 form a two-stage LC filter which reduces
the pulse width modulated signal to a DV level, The inductance of
L2 must be high enough so that it is capable of storing enough en-
ergy to supply the output current during the "off'" time of the series

.

switch,
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7.3
PULSE WIDTH CONTROLLER - The pulse width controller per-
forms two functions:

1. providing the pulse width modulated signal to the pulse
width switch, and

2. introducing a jitter signal into the pulse width modulation.

B B
FonE

Figure 19 is a schemati¢ of the circuit. The pulse width modulation

is accomplished by charging capacitor C23 to a f:xed voltage (Ec). )
C23 is charged by a current source consisting of Q27 and R45. The A
charging current is controlled by the input voltage (Ex), Since the “
time required for C23 to charge to E¢ is proportional to the charging ‘
current, and the charging current.is proportional to the E,, the time 7
required to charge C23 is proportional to Ey.

At the start of each half-cycle of the inverter, C23 is discharged by
Q25. Q33 and Q34 are used to reshape the square wave output of the
rotary power transformer. Their collector waveforms are differ-
entiated and used to drive Q285. A

R41 and R44 provide a2 minimum charging path for C23. Their value
is chosen such that they will charge C23 to E. in less than one-half of
the inverter cycle, thereby preventing a 100% duty cycle. The jitter
is introduced by shorting out R44 with Q26 at the jitter frequency rate.

The jitter produced in this manner is approximately proportional to
the duty cycle, since as the charging current through Q27 is increased
(decreasing the duty cycle), R41 and R44 contribute 2 smaller percent-
age of the total charging current, and therefore shorting R44 creates

a2 smaller effect on the duty cycle,

A Schmitt trigger (Q29 and Q30) is used to detect when C23 has reached
Ec volts. The output of the Schmitt trigger is amplified by Q31 and
used to drive the series switch,
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7.4 “
RECTIFIER - In the final design, the output of the RPT is full wave
rectified by a pair of Westinghouse 379E diodes. The diodes were se-

lected for fast recovery, low forward drop, and 250V minimum break- .

down rating. The diode output is filtered by a 10uf Difilm metallized
capacitor. This capacitor was chosen for its low dissipation. Since
the pulse width switch draws 4 amp pulses which must be supplied by
the capacitor, it is important that the capacitor be a low-loss type for
highest efficiency., If it becomes desirable to use a smaller capacito#,
a high current tantalum capacitor can be substituted with a small loss
in efficiency.
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7.5 |
SYNCHRONOUS DETECTOR - The output of the amplifier feeds into

the synchronous detector (Figure 20). Synchronous detection is ac- ek
complished with a field-effect transistor (FET). The jitter signal -
from the jitter generator is used to drive the gate of the FET. When ":"’
the jitter signal is at a positive 10V, the FET conducts in either di- ‘
rection, The amplifier output signal is connected to the drain of the
FET, and the source is connected to a filter consisting of C31, C24,
R63, and R64. The polarity of the DC signal appearing on C31 is a_
function of the phase relationship between the output of the jitter gen-
erator and the output of the amplifier, and therefore a function of the
phase relationship between the output of the jitter generator and the
current jitter at the output of the pulse width filter., Since the phase
of the output jitter abruptly changes, 180° at the maximum power
point is passed. The jitter generator and the output current jitter
are in theory either in phase or 180° out of phase. In practice,
however, this is not exactly true since there are phase shifts in

the circuit. The phase shift, however, is not large enough to se-
riously affect the circuit operation,

Considering that there are only the two above-mentioned phase re-
lationships, the magnitude of the voltage across C31 is proportional
to the amplifier output and therefore proportional to the output cur=-
rent jitter,

The magnitude of the output of the synchronous detector is therefore
proportional to the magnitude of the output current jitter with the po-
larity being a function of the phase relationship between the output
current jitter and the jitter generator.

Q32 and Q33 are used to amplify'the output of the synchronous de-
tector to the.level required by the pulse width controller.
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the trickle-charge mode., It clamps the timing capacitor (C40 gt the

JITTER GENERATOR - The jitter generator (Figure 21) consists
of a 50Hz unijunction oscillator (Q39) which drives a trigger flip-

flop (Q40 and Q41). A unijunction oscillator was chosen since it .
maintains a reasonably constant frequency over the required tem- . B
perature range,

Q38 is used to disable the oscillator when the system is operating in °

oscillator to ground, thereby preventing oscillation. The dri e signal I’%@i‘
for Q38 is provided by the battery charge detector, ' ‘%
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7.7
CURRENT SAMPLE AMPLIFIER - Since the current jitter is

greatly attenuated as the maximum power point is reached and the
current transformer has a 115-to~1 stepdown, the signal at output
of the transformer gets down to the several millivolt range, In
order to obtain a usable signal level, it is necessary to amplify the
signal. This is accomplished by a 3-stage amplifier (Figure 22).

Three common emitter stages with emitter degeneration are used
to produce an amplifier with a gain of approximately 1000, Resist-
ors R68 and R79 providé DC feedback which set the quiescent op-
erating level of the amplifier. Capacitor C36 shunts out the feed- .
back, allowing the gain to increase with increasing frequendy, and
capacitors C37, C38, and C39 roll off the amplifier gain at approxi-
mately 700Hz. The result is an amplifier with 3 db bandpass of ap-
proximately 40Hz to 700Hz, This allows the amplifier to amplify
the jitter signal fundamental plus several harmonics, but not the
20KHz pulse width signal,
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7.8
CURRENT TRANSFORMER - The current jitter on the output is de-
tected with a current transformer. The purpose of the transformer
is to separate the AC jitter signal from the output direct current and
bring the jitter signal to ground potential. The transformer is wound
on a torroidal powdered iron core. This material was chosen since
it is capable of operating at high flux levels, A large number of
secondary turns (3000) was required in order to support the 50Hz
jitter signal, Since the maximum input turns was limited (26 turns)
by the allowable DC bias on the core, a current stepdown of approxi-
mately 115-to-1 resulted.

The transformer is terminated in a two-stage RC filter in order to
filter the 20KHz pulse width signal from the current jitter signal,
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7.9
BATTERY CHARGE DETECTOR - The battery charge detector is
a voltage level detector which provides a signal indicating that the
batfery has reached full charge (Figure 23), The circuit consists of
two sections: a detector that is designed to be mounted with the bat-
tery pack, and an actuator which provides the control signals to the
system, '

The detector is a tunnel diode oscillator. It is designed to break into
oscillation at approximately 65 mv, The inductance in the oscillator

is actually a transformer which allows the signal to be brought down

to ground level, The detector is designed such that it can be used on
any cell in the battery pack. Also, as many as desired can be used,

The only power required for the circuit is that which it obtains from

the third electrode itself,

In operation, the third electrode of the battery is loaded with approxi-
mately a 60 load. With this load, the third electrode reaches 60 mv
to 70 mv at about 80% to 85% of full charge, This is considered a
good charge level to switch at, since if only a few cells contain de-
tectors (which is the more usual case), there is an allowance for
differences in charge capacity between cells,

In the detector, the 60 1oad consists of the parallel combination of the
tunnel diode oscillator and a 6.80 resistor. C52 smooths the oscil-
lator current, causing the oscillator to appear as a resistive load to
the third electrode.

On the breadboard, a 240" resistor is included in series with the de-
tector. This is done only to facilitate testing, since it is difficult to
adjust a laboratory power supply in the 60 mv to 70 mv raxige. It
takes approximately 2,7V on the 2400 resistor to obtain 65 mv on
the detector,

The actuator section of the battery charge detector consists of a rec-
tifier and a regenerative amplifier. The outputs of all the detector
transformers are rectified into C53, which is the input to the ampli-
fier, The amplifier is a direct coupled 2-stage amplifier. R103 pro-
vides some positive feedback, increasing the switching speed and aiso
providing some hysterisis which prevents the circuit from oscillat-
ing about the trip level,
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On the breadboard, only one detector is required to trip in order to
Cause an operating mode change from maximum power to trickle
charge. If desired, however, some sort of proportional control be-
tween the detectors could be implemented by changing the amplifier
'"trip" level. Some form of majority logic co&g_ also be used such
that one more than half of the detectors would have to trip in order
to cause a mode change.
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7.10
TRICKLE CHARGE CONTROL - The trickle charge sensor (Fig-

ure 24) is a DC current sensor that is placed in series with the bat-
tery input,

The DC battery charging current creates an imbalance in the mage-
netic oscillator composed of Q43, Q44, and T6. The imbalance
created by the battery charging current causes asymmetry in the
normal square wave output of the oscillator, the amount of asyme
metry being proportional to the magnitude of the charging current.

The output of the magnetic oscillator is used to switch Q51 giving a
pulse width modulated waveform on Q51's collector. The pulse
width waveform is then filtered by C55, C56, R119, and R120,. giv-
ing a DC voltage proportional to the battery charging current, This
DC voltage is compared to a zener reference by a differential am-
plifier Q50, The output of the differential amplifier is further am-
plified by Q48 and Q49 and then fed to the pulse width controller,

Q42 acts as a2 power switch providing power to the magnetic oscilla-
tor and the pulse width switch, Q42 is controlled by the battery
charge detector, and is turned on when the system is operating in
the trickle charge mode,
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7.11 , .
CONSTANT VOLTAGE CONTROL - There is no provision for con-

stant veltage operation on the breadboard. This type of operation ,
was not breadboarded, since itis a reasonably standard technique
and would add little to the value of this program, In order to make
the breadboard operate in a constant voltage mode, it would be nec-
essary only to add a differential amplifier, This amplifier would
compare the output voltage to a zener reference. The output of the
differential amplifier would be a third input to the pulse width con-
troller. Proper control circuitry would, of course, have to be in-
cluded that only allowed ene mode to function at a time,

" The spacecraft electronics converter included in the test panel is an
example of constant voltage operation. Its pulse width controller and
switch design is almost identical to that of the breadboard. The con-
trol loop, however, functions as described in the preceeding discuss-
ion, producing a constant voltage output,
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8.1
SOLAR ARRAY SIMULATOR - Figure 25 is a typical set of solar cell

characteristic curves. It can be seen that a solar cell looks somewhat
like a constant voltage supply with a series current limiter. The mo-
del could be improved further by adding series resistance to account
for the slope of A-B, The temperature and illumination intensity cha-
racteristics of the cell can be simulated by varying the supply voltage
and the current limiter, )

This appears only .o require a power supply which has a current limiter
and an external series resistor. The current limiter found in most coma
mercial power supplies, however, has too slow a response time to be
useable., The current limiter, therefore, had to be incorporated into

the simulator,

Figure 26 is a schematic of the solar array simulator, An adjustable
50V 5 amp power supply is connected to the input. QIl, Q2, and Q3
make up the current limiter, the current through R2 and R3 being
sampled by Q3, with Q3 then controlling the Darlington pair QI and

Q2. R3 provides adjustment of the current limiting level, gnd R2 is
used to prevent operation at too high a current level. R4 is an adjust-
able series resistor which can be set to provide the desired A-B slope
on Figure 25. The output of R4 is fed into the inverter of the maximum
power controller.

.....
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8.2
BATTERY SIMULATOR - One of the two loads on the maximum

power controller is the spacecraft battery pack. In order to simu-
late this load, a shunt regulator was used (Figure 27). When the
voltage into the simulated battery reaches the zener diode CR28, volt-
age transistors Q21 and Q22 are turned on, preventing the voltage
from increasing. A 270 resistor is included in series with the zener
diode to provide a small current voltage slope to simulate the internal
battery resistance., The simulated battery voltage is approximately
24V, :

One peculiarity is encountered in the spagecraft power simulator due
to the fa8t that the battery simulator, unlike an actual battery, can-
not deliver any current. It is possible, therefore, to have the out-
put voltage of the maximum power controller drop below the battery
voltage if the spacecraft electronic load is large enough (or the power :
available from the simulated solar array low enough). The entire
output current of the maximum power controller will then flow into

the spacecraft electronics load and the output voltage of the maxi-
mum power controller will drop below the battery voltage,

If the power available from the solar array is increased at this point,
the output voltage of the maximum power controller will not increase,
The reason for this is that the spacecraft power converter is a con-
stant power load, and it therefore draws the largest input current at
its lowest input operating voltage. Since the maximum power con-
troller is designed to maximize its output current, the system gets.
'"locked up'' at the lowest operating voltage of the spacecraft elec-
tronics converter. This situation of course does not occur with an
actual battery, since the output voltage of the maximum power con-
troller cannot go lower than the battery voltage., If the maximum
power controller cannot supply the entire power requirements to the
spacecraft electronics converter, the remainder is supplied by the
battery,

If the maximum power controller "'locks up'' as described above,
normal operation can be restored by momentarily disconnecting the
spacecraft electronics converter, allowing the output voltage of the °

maximum power controller to increase to the simulated battery
voltage,
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8.3 -
SPACECRAFT ELECTRONICS SIMULATOR - The second load on =
the maximum power controller is the spacecraft electronics, This Sk
load is simulated by a pulse width regulator with a resistive load -::i
(Figure 28). ok
The pulse width control and switching in the spacecraft electronics o
simulator are almost identical to those circuits in the maximum power *“é
controller. The input to the pulse width controller, however, is the ;
error signal from a differential amplifier which compares the output %
of the regulator to a zener diode reference, The output of the regu- E
lator is therefore a constant voltage (thereby indicating that the maxi= " &
mum power controller can be operated in a constant voltage mode). ;3;,;

The 12V output of the spacecraft electronics converter can be patched
on the test panel to an internal load which can be varied from 37 to
280, or it can be connected to an external load,

N

Three .10 ¥ ,25% resistors are included in the spacecraft power si-
mulator to provide a means for accurately measuring the input and
output currents., One of these resistors is located at the output of

the solar array simulator, allowing the current into the inverter to

be measured., The second resistor is on the input of the battery si-
mulator, with the third being on the input of the spacecraft electronics
simulator., By connecting an accurate digital voltmeter across the
resistor binding posts, the currents can be measured to approximately
«25%. Since the resistors are .12, the voltage-to-current conversion
is 10 amps/volt,

By

¥
R
c

When measuring the input and output voltages of the maximum power
controller, care should be taken to measure the voltage on the side
of the current measuring resistors towards the maximum power con=-
troller. Otherwise, the power dissipated in these resistors will be
included in the maximum power controller losses, causing an error
in efficiency measurements.
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E, (R, = 1K) (R, = 2K) _

1 195 ma 105 ma

2 . 365 ma 205 ma

3 525 ma 295 ma

o S 4 685 ma 380 ma

5 840 ma 470 ma

?f

<
g

Test Data on Current Sample Circuit

Table 1
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Eg = 30V
E, Duty Cycle

E. = 20V

Eo Duty Cycle

Eo

E, = 10V

Duty Cycle

.2V 9%

2.44V 8%

1.50V

.59V

.5V 14%

3.98v 13%

2,54V

13%

1.12v

1.0V 23%

6.65Vv 22%

4,32V

22%

2.02v

1,5V 33%

9.43V 2%

6.18V

32% .

2,97V

2,0V 42%

12,26V 42%

8.03V

41%

3.90V

3,0v 62%

17,88V 62%

11,82V

60%

5,80V

4,0V 82%

23,47V 81%

15,61V

80%

7.70V

5.0V 99%

29,13V 98%

19.35v

97%

9.60V

LR

o~

o AN SR s o MR BT oy g e n

Test Data on Multiplier

Table 2
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Manual Contfoller
Maximum Maximum
E, | 21.0V 20,7V
I, | 605 ma 603 ma
Pol| 12,7 w 12,5 w
Eg| 36.1V 36.1V
Iin{ 955 ma 880 ma
Pg| 34.5 w 31.8w
" Ejn| 16.2V 18,0V
Pin| 15.5 w 15.8 w
Ep| 22.3V 22,5V
Maximum Power Controller Test Data - ,,
Manual vs Automatic Controlling
Table 3
89 . ?
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Ry, = 70.20 RL = 34,30 RL = 11,10
L, 875 ma 880 ma 865 ma
E, 30.2V 20,7V ll.OV
Io‘ 430 ma 603 ma 990 ma
Po 13,0 w  12.5w 10.9 w

Maximum Power Controller Test Data -
Output Power vs Load

Table 4




-10°C 25°C 70°C
Ein 38,72 38,36 38,55 volts
Iin 2,773 2,794 2,788 amps .
Pin 107.3 107.0 107.3 watts
Eo 23,71 23,70 23,68 volts
I 3.905 3,881 3.824 amps
Po 92.6 92,1 90.7 watts
h. 86.2 86.0 84.5 efficiency %
Te 77 .86 .99 trickle charge (amps
Final Test Data
Table 5 .




Power in Power out | Efficiency Primary Turns | Secondary Turns
(watts) (watts) % 1/2 primary 1/2 Secondary
400 394.3 98,8 ' 9 20
300 296, 1 98.6 . 9 20
100 97.5 97.5 9 20
100 98.8 98.8 ., 18 40

Transformer Characteristics: See Text

Table 6

..




9.
NEW TECHNOLOGY - The following two items are being reported

under the New Technology clause:

1) A technique for maximizing the current from a variable
voltage and/or resistance source into a dissipative load
using a current transformer.

Ref: Matrix Memo 1966 POS1

Sec. 6.22, 7.0-7,8 and figs. 7 and 16 of this report

2) A voltage level detector circuit which is designed to detect
a voltage level on the third terminal of a rechargeable
Nickle Cadmium Cell,

Ref: Matrix Memo 1966 POS2
Sec. 7.9 and fig. 23 of this report

93

s

s e Rl it A O 2 oA A % VU S U I SRS SR A ST S - b St s o [l



B R A I
TR S AR TR R

ENE w0 J

10 -

CONCLUSIONS AND RECOMMENDATIONS - The major conclusion .
reached during this contract was that the use of a rotary power trans-
former and a maximum power sensing and controlling converter are
'practical for satellite power systems, as is evidenced by the bread-
board delivered to NASA under the contract,

It is felt that the size, weight, and efficiency of such a system can be
made compatible with spacecraft requirements. In actuality, the
weight of a spacecraft power system could most likely be considerably
reduced since more efficient use of the spacecraft's solar cells would
allow a reduction in their number, This added efficiency could also
allow a reduction in the amount of storage cells required in the space-
craft battery.

There appears to be no serious problem in increasing the power handl-
ing capability to higher levels (500 or 1000 watts), The breadboard,
in fact, has been operated at a 320 watt level for a short period, Still
higher power operation would require the use of higher current semi-

e conductors and a slightly large transformer to accommodate the larger -
wire necessary to keep the wire losses down, '

Other conclusions relating to the individual sub-systems of the non-

dissipative charge controller using a rotary transformer are listed
below:,

1. A 2-transistor inverter using a center-tapped transformer
can be designed to produce higher efficiency than a bridge
type. This is discussed in the inverter section (6.1).

2. Synchronous rectification using SCR's is less efficient than
the use of diode rectification followed by transistor pulse-
width switching,

3.  The simplest and most accurate method of achieving maxi-
mum power control was to maximize the current at the out-
put of the system. This approach has two distinct advantages
over the use of a circuit that maximizes the output of a
power measuring circuit:

@y

g, W

(a) There is less circuitry

{(b) The operating tolerances required to obtain c’mhparable

Ty

Thal T ol

o
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accuracy on the current maximizing circuitry are less
than the requirements on the maximum power controller,
The current maximizing approach, therefore, produces
a smaller, lighter, and more reliable system than the
power maximizing approach,

Based on the positive results of this contract, it is felt that a logical
next step could be to increase the power level of the system to 500 or
1000 watts, Also, the design and fabrication of a prototype system
employing both solar celle and batteries would be a valuable step in
a more complete evaluation of the system,

95 ' ' '
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é}ZLOSSARY -

A Ampere

Aco Cross sectional area of the core
Ag Area of the air gap

Ap Peak amperes

Agh Cross sectional area of the shell
AC Alternating current

Amp Ampere

AV Alternating Voltage

’ B Length of transformer winding
B See '"Class B"
C Capacitor, Centigrade

Class B Operating mode of two transistors in push-pull connection
in which only one transistor is conducting at a time, and
for 180 electrical degrees,

Cm Centimeters

CR Diode

cosb Power factor

d Diameter

DC Direct Current

DV Direct Voltage .
A Increment .
AVgh Increased volume of ferrite shell

B A B SO i 0 L e AT A N 5 s SRS, ¥ o R el T '.::-..;::m TR

AL e BT i n e L A 1 A A biem hrs e kA ek me -t e o




s

»
ipsace

Iex rms

R i S RS 0 SR G N S S P LSO U S AU L ORI v

Volts

Battery voltage

Transistor base~to-emitter volts

Transistor base-emitter plus Sale external resistor volts
Volts across the transistor base and external series resistor
Transistor base loss

Volts between the collector and emitter of a transistor
Supply volts

Transistor saturated collector-to-emitter vo‘lts

Operating frequency

Field effect transistor

Magnetomotive force

Hertz

Efficiency

Inversion efficiency
Overall efficiency
Current

Transistor base current

Base current to saturate collector-emitter voltage

Transistor base current to insure coliector-to-emitter ks
voltage with 50% margin

Ideal '

Exciting current in root mean square amperes e
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) Tex Exciting current %=
* . Ig Used with N as NIg to represent magnetizing force in the B
air gap '
Im Magnetizing current
in : Inches
Iorms Transformer output root-mean-square current
Ip Primary current
Lex Peak excitation current
Im Peak magnetizing current
Ipo Primary load current
Ihrms - Primary root;mean-nquare current
1, ~ Secondary current -
Isrms Secondary > roote-mean-square current
J : Jitter, Deliberate period perturbation
kgd::x Rate of rise of excitation current
K (10)® multiplier
Keol Specific core loss
Ko825 Ferrite loss constant at a flux density of 825 Gauss in
' watt-sec per Hem®!
Krl1345 Feriite loss constant at a peak flux density of 1345 Gauss
in watt-sec per Hem®
Kol - Ferrite specific loss constant at any flux level
Kghl Specific shell loss

99




uf

Hop
N

Np

N(40V)

N(50V)

Inductance
Length
Magnetic length in 'cc.ntimetersv

Magnetic length of the core

" Magnetic length of the shell

| Magnetic effective length of the web

Millivolts

Magnetic permeability

Microfarad

Magnetic permeability at the operating flux density
Number of turns |

Number of prim_a‘ry turns

Primary turns when operating at 40V square wave at
10, 000 Hertz :

Primary turns when operating at 50V square wave at
10, 000 Hertz .

Magnetizing force
Ampere turns calculated
Magnetizing force for the core

Magnetizing force for the core and webbs of the trans-
former

Magnetizing force to excite the air gaps
Magnetizing force in the transformer shell

Total magnetizing force

Degree
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,‘
£

5
X ;;fa :

#

cow
Peow(50V)
culp
Pculs
Pexcul
Pexl
Pex1(40V)
Pex1(50V)

Prexi

Pgex1(40V)
Pgex1{50V)
Py

. Ppcul
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USRS R TR e

Percent

Power

Transistor base loss
Transistor collector loss
Power loss in the core
Power loss in the core plus the end webbs
Core and webb loss at 50V supply |
Copper losses in the transformer primary
Copper losses in the transformer secondary
Excitation copper loss

Excitation loss |

Excitation loss at 40V supply

Excitation loss at 50V supply

Ferrite excitation loss

Power loss in ferrite

Total air gap exciting power

Power in

Paw;r out

Air gap excitat.ion loss at 40V supply

Air gap excitation loss at 50V supply
Specific hysterisis power loss

Primary copper loss
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P

residual

Pscul
Pen(sov)
Pghl

Pr
Preu(4ov)
PLeul(50V)
Prex{40V)
f;l‘.fl(40V) |
Prei{sov)
Pn

Pritaov)

_Pri(sov)
. PEml

Prad

PEQI
PEQ1(40V)

PrQl(s50v)

a

i e "

-t A U

Loss constant for '"Cermag' 24B in watts per cubic
centimeter Hertz

Secondary éoppor loss

Power losses in shell at 50V supply

Power loss in transformer shell

Total power

Total copper loss at 40V supply

Total copper loss at 50V supply

Total excitation losses at 40V supply
Ferrite losses at 40V supply

Total ferrite losses at 50V supply

Total losses

Total losses at 40V supply

Total losses at 50V supply ,

Total active magnetizing losses

Total driving power per pair of transistors
Total steady state transistor loss

Total transistor dissipation per pair at 40V DC supply

Total transistor dissipation per pair at 50V DC supply
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é Peak total maénetic flux density
QCO Total magnetic flux in the core ,,2*
Q . Transistor j
R Resistor . F
Ry Internal resistance of battery
Rpextr Transistor base external resistor
RMS Root mean -qmr‘e
R, Effective output load resistance
R‘P Transformer primary winding resistance
RPT Rotary power transformer '
R, Transformer secondary resistance 3
p Specific resistivity of copper at 60°C R
s Switch | :
SCR Silicon controll;d rectifier
Z)(50V) Total losses with a 50V supply 1
Zlm Total magnetic losses ’
Zoco Total magnetic ﬂu;: in the‘ transformer core
T Transformer, turns ratio
T Terxix;erature ";
tg Length of the air gap §
8 Ph::tse angle of exciting current with respect to the . ‘s&
impressed voltage | é
%
| o » 103 “ | ;
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\'A Volts, volume éz
Vi34s ~ Ferrite volume in cm® operating at « = 1345 Gauss
Veo Ferrite core volume in cm®

voow(40V) Volume of core and webbs operating with 40V supply
vcow(SOV) Volume of core and webbs operating with 50V supply
Vsh Volume of shell |

Vsh(40V) Volume of sh'ell operating at 40V supply

vsh(SOV) Volume of shell operating at 50V supply

Vw Volume of webbs
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APPENDIX 1

THE TEST TRANSFORMER
(Rotary Transformer No, 1)

i
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JEST TRANSFORMER - The first mechanical design excluded the
problems of rotation and final support. The magnetic configuration,
, however, was chosen to permit rotation without perturbing the elec-
- trical characteristics., Two standard Ferroxcube ferrite cup cores

as per Figure 45 were utilized. One was wound with 9 turns of lite
wire (105 strands of #38 enamel wire), and the other with 8 turns.
These were then bolted with a nylon bolt to form a nearly closed
magnetic path, The winding in one cup was used as the primary,
‘and the other as the secondary. The following data were measured e
or calculated: ' E
= .. . Wire Characteristics ”
1. {DC resistance = AC resistance at 10KHz) = 0, 00630 0 /foot
T = 25°C, &
2.  Length for 9 turns = 17. 7 inches
: for 8 turns = 15,7 inches X
3. Resistance for 9 turns = 17:7 {(,00630) = . 00938 0 at 25°C, >
. 12
e 4.  Resistance for 8 turns = ‘_-:’zl (.00630) = . 00832 0 at 25°C,

5, Resistance of wire at 65°C = . 00718 1/foot

6, Resistance for 9 turns -1—12—7- (.00718) = ,0106 N at 65°C,

7. Resistance for 8 turns = l':"z‘,

(,00718) = . 00940 D at 65°C
Now the primary was wound with 9 turns and the secondary with 8,

Test Parameters

- 8, Output load resistance = 16

9. Frequency (sinusoidal) = 10,000 Hz

I-1
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Peak to Peak

10, Input volts 24.5
11, . Input amp 4.4
12, Output volts . 210
13, Output amp | 1,58
Calculations

(12) {13)

14,  Output watts = (7, 42 volts) (0. 56 amp) = 4,5 watts

output watts
input voltdmperu

. f14)
8 4: 3 watty- 3074
cos © = (8.65 volts) (1.56 amps) = 0.

()

15, Power factor =

16, Phase angle = cos™' .3074 = 72,10° This assumes negligible
internal losses., The worst actual case (still ignoring iron

losses) would include the copper losses at high temperature, *
say 650C,

From (6), (7), (11), and (13), we get the
17, Secondary copper losses = (output current)® (secondary resistance)

(13) (7) ' ‘
P ulg = (056 amp)* (,0094 0) = 0, 0029 watts at 65°C

18," Primary copper losses = (input current)® (primary resistance)

. {11\
\

) &)
11) 6)
Pculp = (1.56 amp)® (0

0106 Q) = 0, 0258 watts at 65°C

!
\
.
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The actual power involved is
19. Pg = Load power + secondary losses + primary losses

(19 un (18)
Py = 4,50 watts + 0.0029 watts + 0, 0258 watts

= 4,58 watts

The actual power factor is more nearly

(19)

20. 8= 4,53 watts = 0,443
%% ¥ 7 (8.5 volts) (1,56 amps)

(10) oy

and the phase angle is

(20)
21, 8 =cos"' 0,448

= 63.79
_The magnetizing current is
22. L, = (Input current) sin 8

(11) (21)
= (1.56 amp) sin 6 = 1,40 amperes

With 9 turns on the primary, the magnetizing ampere turns were

(22)
23, NI =9 turns (1,40 amperes) = 12.4" ampere-turns

Effic iencz

Since this was excited with a sinusoidal waveform, the circulating
magnetizing power is considered conservative and is found to be

1.3
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24. Exciting voltamperes = (Input volts) (magnetizing cui'rent)

(10) (22)
Elex = (8.65 volts) (1.40 amp) = 12,1 voltamperes

This does not represent a power loss, Therefore the efficiency is

(14)
25. ,2 = Output power _ 4, 50 watts = 0, 99—,‘
- input power 4,53 watts
(19)

This ignores iron losses. For these calculations, no figure of actual
iron losses were available. Suppose, however, they would be equal
to the copper losses, the efficiency would have been

14) '
26, | = 4. 50 watts _ = £:50 . ¢ 987
4.50 watts + 2(. 0029 + ,0258) watts 4,56
(14) (17) (18)

I-4 | | i
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. APPENDIX I

THE MATHEMATICAL TRANSFORMER MODEL
(Rotary Transformer No. 2)

4
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MATHEMATICAL TRANSFORMER MODEL - The following design
has taken into account the practical requirement of mechanical rota-
tion and small bearing stiction. In principle this means that bearings
should be small in diameter and lightly loaded, In the space environ-
ment, bearings are free from gravitational forces, and there remains
only the magnetic moment with the earth's field, the electromagnetic
air gap forces, electrostatic forces, maneuvering inertial forces, and
forces due to strained secondary leads, Of these, the significant ones
are considered to be the electromagnetic airgap forces and the strained
wire forces., Inertial forces will be greater, but momentary, Air gap
forces can be reduced to negligible proportions by balancing them, as
in an arrangement in which all lines of force are normal to the axis of
symmetry (radial). Edge fringing effects cah be balanced also by hav-
ing symmetrical shapes at each end of the transformer. Figure 46
fllustrates the principle and is the design used for subsequent analysis
along with Figure 47, The magnetic circuit is composed of a core
0,750" in diameter (d,) with a 0,285" diameter hole (ds). The net
area is

-

27, Aco® T (d? - a?)

= 7 [(0.750 in* - (0.285 m)_j

0.380 in® (2.54 cm)’ & 2, 45 cm?
Tin

The outer diameter is 1.75" diameter (d,). With the outer shell wall
thickness of, say, 0,125", the outer diameter of the secondary coil
will be 1.500", If half the window height is relegated to the primary
winding and half to the secondary, and further if the magnetic circuit
is broken by 2 air gaps which are coincident with the outer diameter
of the primary (inner) coil, it would be at a diameter of

(27) (27)

28. Diameter of air gap cylinder = , 750" + “°5°°"i' 0.750")

(1.500 in - 0,750 in)
2

-~
{

0.750 in +

o]
-
L]

-

1,125 in 2:32cm) + 2 860 em
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For a trial calculation, let the air gap length be

29, T, =0,004in (2:54¢cm) - 0.1015 cm 4
g 1 in _ ~ i

Also, let the area be equal to the area of the core (see note at end %
of this section) :

(27) 2 54 2
30. Ag =0.380in? (2:54em)® . , 45 2
1 in®

Since this is at 1, 125" diameter, the axial length (thickness of the webb)

will be

(27? 2 (2,54 cm)? 2
31, Ag = ndaly = ,.380 in ".l - n = Z..45.cm
or

2.3
L, =—3800n7 _o05n (2.54em) | o oap o
1.125n in " 1in

The shell thickness was set arbitrarily at 0, 125 in for mechanical
reasons. Its area will be larger than that of the core, It will be

32, A, =% }(1.”75‘in)= - (1.50 in)j = (3.063 - z.zso)g

= in® (2.54 cm)? _ 2
Agh = 0.640 in —TT—) 3.99 cm

From data furnished by the ferrite supplier (Biblio #1) the operating
point was tentatively chosen, at which the following facts hold

33. 7  =flux density = gauss = 1345 = arbitrary (from curves)

34. Material loss ("'residual") 2.8(10)-° Vla;_t_t;_ = Kr1345

Hem
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(1)
For an operating frequency of 10,000 H, it is

35. FK~»1345 = 2,8 (10)-* watts/cm®

The value for loss above is almost constant in the vicinity of 10KH,
varying directly as the square of the flux density,

-]
36, Py = 2.8 (10)-° (*)° watt-sec. (from curves)
1345 H (:rn= ‘

37. Initial permeability po = 1200

Let the coil length be

38, 1, =1.5in (2:534¢m} . 3 8] ey
1 in

The effective magnetic length of the shell or core is equal to the coil
length plus the thickness of one end webb

(38) (31)
39. core mag length = (1,500 + ,107) in~ 1,61 in (2.15‘: cm)
n

= 4.09 cm

If the outside diameter of the seconda.ry" coil is 1,500 in and the core
diameter is 0,75 in, the magnetic effective length of each webb is

(38) )
40, 1, = 22390 2 % 756 I 4 (.063 in = 1/2 shell thickness)

+ (0,152 in = 0.4 core radius) = 0,590 in (2. 54 cm)
I in

=1,50cm

The total magnetic length excluding the shell is

- 1-3



41, I =1.614in+2 (0,590 in) B
- : (2054 cm =
= 2. 79 in Tn——-) ‘ 7. 10 em

To evaluate the effect of magnetizing losses with different areas of
air gaps, the ampere turns required for the circuit will be calculated.
Ampere turns for a flux density of 1345 gauss for the core and webbs
are developed first, Length units are centimeters,

(33)
42, Nlcow (4n)uo =o= 1345 gauu = 1200 (4n) NIcow
lm.::m 10 ) 10 1rm.:m
(33) (41)
43, (ND)oow = 1345(10)lm « 3360 (7.10) = ¢,32 impere turms

(37)
The magnetizing force for the shell is }

(43) (27)  (39)
44, Nl = 6.32 (2.45) (4.09) = 2,24 ampere turns

3.99 7.10
(32)  (41)
where
6.32 = NI for core plus 2 webbs (43)
2,45 = area of core and webbs (cm?) (27)
3.99 = area of the shell (cm®) (32)
4. 09 = length of shell {cm) (39)

7,10 = length of remainder of magnetic circuit (cm) (41)

.Let the airgap length be

(2.54 cm)
lin

45, = 0,01015em

Tg = 0.904 in

With an area of A, of 2.45 cm®, (27), the airgap ratio without
fringing effects is

-4
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(45)
46, g . .01015cm _ 00429
Ag 2.45 cm® , em |

(27)

So the magnetizing force is

(33)  (45)

47. NIg = (1345 gauss) 10 01015 (2 gaps in series)
4 2.45
(27)

NI, = 4. 42 (2) = 8,84 ampere turns

Total magnetizing forces in ampere-turns is

48, _core and webbs = 6,32) _ (43)
shell = 2.24) 8.56 (44)
airgaps = 8,84 8.84 (47)

17,40 17,40 ampere turns

The total flux threading the core is

. 49. Total flux = flux density X core area

b Ao

(33) . (27)
I0co = Aco Tco = 1345 gauss (2,45 cm?) = 3295 maxwells

Square Wave Excitation Mode - The volts per turn which this can
support at 10KHz is *

50, Volts _ E _ 2 frequerty X A flux
Turns Np _ 10°

_ (35)
= 2(10,000) {3295) H maxwells

10°

= 0,659 volts peak/turn
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The number of turns required to support a battery voltage of 50
volts is

50
. 659
(50)

51, Np = = 76 turns

The litz wire tentatively chosen is made up of 105 number 38 wire,
polyurethane insulated, double nylon-wrapped. It winds with about
16 turns per linear inch, Thred layers each with 24 turns could be
tried. The coil length is 1,5'", so the number of turns per layer are

52, Np _ 1.500in _ 24 turns
layer = ,063 in layer
For three layers )
. (52)
53. Ny, = 3(24) = 72 turns

This is sufficiently close to the 76 required in equation (51), With
72 turns, the peak magnetizing current is

(48)
_ NI _ 17.40 _
54. Ipm = —BT - = s L2z Ay
(53)

All the energy stored in airgaps is virtually recovered, except for
losses in transistors and diodes, This amounts to that portion of the
required ampere turns to magnetize the airgap to the total, or

(47)

55 airgap ma ne.tiz-in force _ 8.84 508
total magnetizing force 17.40
(48)

To account for residual losses here, estimate the percentage airgap
energy recoverable to be 75%, then the real airgap losses would be

56. P, = total excitation power (airgap magnetizing power)

g total

(1 - airgap efficiency)

-6




1 (51) (54) ° (55)
Pg = watts = (50 volts) (. 242 amp) (0. 508) (1 - .75)

= ,770 watts

From magnetizing vs induction (B-H) curves supplied by the manu-
facturer, the residual induction after the magnetizing force is re-
moved falls to about 85% of the peak value for typical non-saturating
levels, :

The ferrite excitation losses similarly are

(51)  (54) (48)
57. Pfey] = z (50 volts) (. 242 amp) { 8. 56 = ferrite NI) (.85 = K
17, 40 = total NI
(48)

al

= 2,53 watts
The total active magnetizing losses are

58. szl = 0,770 watts + 2,53 watts = 3,30 watts
(56) ) (57)

To this there must be added a so-called ""'residual'’ loss specified by
the ferrite supplier as equal to

(34)

] watt!
58(a) Prosidual 2.8 (10) Hem Kwl345

The volume of that portion of the magnetic circuit operating at
1345 gauss is '
(27) (39) (30) (4 ;

59. V1345 = Vg + Vi, = 10,00 cm® + 3,68 cm

3
w = 13,68 em

The core loss at Hz = (10)*

(34) (59)
60. Peow 2.8 (10)™° 13.88 (H=10*) = 0,38 watts

The shell operates at a lower density than the core because its cross
sectional area is larger, The flux density is
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i —";T &
(33)
1345 core area gauss
6l. o, = —_—
sh shell area
Ogh = 1345 2.45 gauss = 825 gauss ‘&
(32) &
%
The residual losses are proportional to the square of the peak induc- *;i‘%
" tion, or ;
(34)
62. Loss constant of shell = Kyog2s = 2.8 (10)® §
(61) ‘

(Psh = 825)® watts
. 4345 . Hem®

Y)133) .
Kw.zs = 1.06 (10)-6 watts

H cm®
Shell losses then are
(62) (35) (32 x 39) )
63, P,y =1.06(10)"° (10)* 16,32 watts
| = 0,172 watts
Total ferrite losses are '

z (60)  (63)
64. Pp (50v) = Lpartial losses = .38 + 172 = _552 watts

Copper losses associated with (58) will now be determined, Assume

the exciting current waveform to be triangular, the rms value is
(54)

3 = ,242 (.578) = .14

oy
EE 5.

65. Ilexrms = Iom

Ul»—-

This times the primary resistance will give the accompanying copper ”
loss, 4
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The primary wire length is

66. Ry, = average length of turn X no. turns X resistance

(27)  (28) (5)
Rp= n 750; 1.125) 72 (.00718) ohms

= 0,127 ohms

The excitation copper loss is

(54)  (65)  (66)
67.  Pexcul = lexrmsRp = (.242)° (.577)% 0.127 = . 0024 watts

Non-recoverable excitation losses are

(56)  (57)  (60)  (63)  (67)
68, Pgy = 0.770 +2,53 +0,490 + 0,172 + 0,002

« =3,71 watts

This represents the standby losses. Total full load losses will be
based on a 100 watt load at 50 volts, The load current then is

= tt 1
69. Iyrme = ‘:,r:lt: = 5%0 = 2 amperes.

With this added to the excitation current of 0,242 amperes, the rms
value can be approximated by

: (54)
70, Iloyxrms s amp + %(0. 242) amp = 2,121 amperes

Primary copper losses are

(70) (66)
71, Peup = (2. 121)® (0.127) = 0.572 watts

Wzthout at this time setting the transformer ratio, the secondary
losses will be higher than the primary by the ratio of resistance

11-9
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(28)
72. R, = 1.5+ 1.125 _ average secondary diameter "3‘%
* 8 % 0.75+ 1,125 average primary diameter ’
(28)
(66)
. 127 ‘f'—%ﬁ%’* . 178 ohms

The secondary losses then would be

(69) (72)
73. Peu=I°Rs = (2)° .178 = ,712 watts

Total losses would then be

(68) (71) (73)
74, Pyj= 3,71+ .572+.712 = 5,054 watts

The power inversion efficiency is

(69) (74)
75. 7 ; = output power . 100 - 5,054 _ .95
input power 100
(69)

Equation (75) includes losses which are not dissipated within the trans-
former, and are properly associated with the total immediate conver~
sion process. For instance, the power for the excitation current is
derived from the supply volts and is considered largely lost. Outside
of the actual copper and iron losses, this energy is spent in diodes

and transistors,

76. Ferrite losses (from 64) = . 552 watts

77. Copper losses (from 71 and 73) = 1,28 watts

(69) (76) (77)
J's - 100 - ( 852 + 1,28)

l‘ L - \

=)

o
.

~ 0,98

160
(69)




Circuit Considerations - The choice of the basic operating voltage
for the solar panel configuration depends primarily upon the availae

‘ bility of suitable transistors which can perform the necessary con-
version and control functions. For 100 watt operation and with a

’ stipulated 50V as the highest permissible choice, the current would

be of the order of 2 amperes, Circuit efficiency is to be considered
first for the first DC to AC inverter which permits the power to be
transmitted through the rotary transformer. For the order of mage-
nitude of current indicated above, the power lost in the switching
transistors from its saturated collector to emitter voltage is size-
able, and therefore should be kept to a minimum. This fact con-
sidered alone would indicate a 2-transistor inverter using a center-
tapped transformer primary. However, this requires one-half of
the primary winding to be always idle, which results in a larger
and lossier unit, It also imposes serious voltage burdens on the
transistors, more than doubling their standoff requirements, It is
true that commutating spike voltages can exceed the continuous maxi-
mum rating without detriment, if they are short enough, but it is
not deemed expedient to build in this condition as a steady operating
requirement. In looking over the field for a suitable transistor, a
trial choice is the 2N2879, rated at 5 amperes, and a standoff volt-
age of 100, The current rating is more than adequate, but for a 50V
supply, there is no margin for 2 x 50V + spikes.

79. 2(Ej = 50) + (20 - spikes)
> (100V = 2N2879 standoff voltage)

Let us say that a voltage of 40 be chosen so that there would be a
20V spike margin, which can be safely observed, The current re-
quired to deliver 100 watts from the panel would be

watts - 300

80. Ic=amperes-= volia~ " a5 = 2-5 amperes

From the operating curves for the 2N2879 transistor at 100°C, the
collector~-to-emitter saturation voltage for 2.5 amp collector cur-

rent is

- aw

8l. Egace = 0.33 volts
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The collector loss per series transistor is

(81) (80)
82. Pg = E.L, = (0.33) (2.5) = 0,83 watts

To drive this transistor requires at least

83, L,=-1 I.= 25 « 25amperes

10 10

To take care of temperature variations and perturbations of power
current, a2 margin of say 50% is required to insure saturation at all
times, so .

84, Iy,ice = -25x .}%& = .375 amperes

The base-to-emitter voltage is
85. Epe =1 volt
from published curves, The base loss then is

(85) (84)

86. Pp) = Epelp = (1) (.375) = .375 watts

e M S R e

The total transistor dissipation then, not counting spike or commutat-
ing losses is the sum of (82) and (86), or

’ (82) (86)
87. Pgy =0.83 + 0,375 = 1,21 watts

To drive the base and stabilize the current, a limiting resistor is
required, Seta value for it arbitrarily and let it be

So, the voltage drop across it for a current of .375 amperes is

(85) (84)

890 Ebextr = Ebelb - (}-) {0375) - .3

75 volts

n-12
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The driving transformer winding voltage, therefore, must be

90. EBex = transistor base voltage + resistor voltage
(85) (89)
Epex = 1 + ,375 = 1,375 volts

The total driving power per transistor pair is

(90) (84)

To refer this to primary power conaumptlon, consider it to be gen-
erated by an oscillator with an efficiency of 85%, so

(91)
92, Primary.power drain = output power _ 0,515
efficiency 0.80

= 0, 645 watts

Transistor losses for a 2Q configuration (2 power transistors using
a center-tapped transformer at E; = 40V) are

(92) (82)
93. Pyg = 0.645 + 0,83 = 1,48 watts

In a bridge circuit, the current traverses two series transistors so
the Q losses are doubled and for the same supply of 40V would be

(93)
94, 2PZQ1(40V) 2 (1,48 watts) = 2,96 watts

However, for a bridge rectifier the voltage could be higher so the
current drain from the solar panel would be 2 amperes instead of
2.5 amperes, and the new losses in the bridge inverter would ap-
proximate

, . (94)

95. ZPZQ(SOV) (0 8 = 2——5—) 2 96 = 2.3 watts

As mentioned above, this is the steady state inter-switching loss
estimate and does not include commutating or spiking losses.

I-13
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Transformer changes required to accommodate the 2-transistor ine
verter result in a heavier and less efficient design, In the first place
the primary turns have to be doubled, since only half are used in any
half cycle, Secondly, the supply voltage must be lowered to prevent
over-voltaging the transistors, This affects the number of turns in ‘
the primary and secondary, and also the length of the magnetic cir-
cuit, Thus its size and conversion efficiency are modified, These
changes are calculated below:

For a supply of 40V, the number of primary turns required to support
a square wave at 10,000 hertz are :

(80)
96, N=_20_ a 60 turns
.659

(50)

For 3 layers, this requires 20/turns/layer and the coil length is

(52) »
97. B = (.063) (1 +20.3) = 1,34"

This extra turn space allows for the stacking factor. For a center
tapped winding of 60 turns per side, the core length must be twice
this, or

(97)
2(1.34in) = 2,68 in

98. 2B

The new magnetizing forces are

(44) (98) | .
99, NI, = 2.24 1_69 3.72 ampere-turns
59 |
and
(98) (40)
43
100, NI = 5(.32’. (3. 556) = 9,20 ampere-turne
o 2,473
(41)
I1-14
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Total NI is g

(47) (99)  (100) o
101, NIy =8.84 + 3,72 + 9,20 = 21,76 ampere-turns

With 60 primary turns, the peak exciting current is

(101

102, Iex = 2281 = 0,362 amp

- (96)

The excitation losses with a 40V supply are

| (56) (102) (g0) (57)
103. Py, 1sov) = 0.770 + °-z-" Z (40) (.85) = 6.96 watts

: - (96)
104, N(40V) _ 60
N(50V) 72
(53)

- (66)  (104)
105. R, = 0,127 (.835) = 0.106 ohms

= ,835

(72)  (104)
106, R, = ,178 (,835) = 0,148 ohms

(80) (102)
107, Lyrms = 2.5 + 1/20.363 = 2,82 amperes

(80)
108, Igrme = 2.5 = 2.5 amperes

(107)  (105) ‘
(2.82)° (0.106) = . 845 watts

109.  Ppewl = P, Ry

(108)  (106)
(2.5)° (0.148) = 0.925 watts

110, Pgcul = Iasrmh Rg

(109) (110)
111, Pgeyi(40v) = 0.885 watts + 0,925 watts = 1,77 watts

II-15
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The copper losses for a 50V supply are

112, PZC“I(SOV) = 0,572 watts + 0,712 watts. = 1.2_8 watts
(71) : (73)

The increased copper loss at 40V is

) (111) (112)
113.  Prcul{40V) - Preul(sov) = 1. 77 watts - 1.28 watts

= 0,49 watts

-

The increase of transformer excitation losses at 40V is

{103} | - (57)
114, P‘exl(40V) - Pexusov) = 6,96 watts - 2,28 watts

= 4,68 watts "

The airgap losses are the same for each voltage

15, Pgexaqeov) - Pgexi(sov) = ©
Ferrite losses at 40V supply are proportional to its volume for the

same operating peak magnetic flux

L 2
-

_ v |
116, Prn(4ov) = Peow(sov) ‘rcowlioV)

Veow(50V)
+P (Vantsov))
SREOV)  Fomsov) ,
- @761

(36) (38) (98)(27)(31)
= 0,460 (Z3.8em” ) L.y 4

16. 45 cm®
(27) (38) (31)

(32) (98) (32)

(38) (62) 027.2 o™
+ 0,161 ‘=——=———dl watts

15,20 em®
(38) (32)

I-16
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& i ol o
= 0.66 watts + 0,44 watts
= 1,10 watts

The losses of inversion at 40V and 2 transistors _
(103) ‘ (111) (93) .
117, P31(40V) = 6.96 watts + 1,77 watts + 1,48 watts +
(116)
+ 1,10 watts L2

= 11,31 watts

To obtain the inversion losses for the 50V bridge chopper configﬁra-
tien, it is necessary as before to collect the partial losses as

Transformer magnetizing losses
Ferrite losses

Copper losses

Transistor losses

At 50V, the load current for 100 watts is 2 amp (69), The trans-
former magnetizing losses are

118, PZml = 3.71 watts (68)

119.  Pgg(soyv) = 0.552 watts (64)

120.  Preyui(sov) = 5.05 watts (74) ‘*‘ié

121, 2 Prqisov) = (Egace = -31VP (L = 2.12) + (Epey = 1.30) .

(1, = 0.3) (.1_8)

=.0.657 + 0,49 = 1, 147 watts 4

122. Py = 2(1.147) = 2,294 watts (95) . o
. | ,
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(118) (64)(116) (74)
123, PEI(SOV) = 3,71 watts + 0,55 watts + 5,05 watts +

(95)
+ 2.29 watts

= 11, 60 watts

Comparing this loss with that of the 2-transistor inverter, they are
sufficiently close to be insignificant, since commutating and spiking

losses are not considered, and the rather large portion attributable
to the non-recoverable magnetizing losses are admittedly pessi-
mistic, The comparison is ‘

ChoREer ZZ : EB
40 .883 50 volts
2Q . 894 40 volts

The closeness of these figures indicates the necessity of setting up
parallel trials which can be done easily on the preliminary circuit
breadboard. ‘

Figures 46 and 47 show a magnetic circuit slightly different from
what is discussed. The airgap area is roughly 7 times the area of
the one discussed in equation (31). The magnetizing force required
to drive 2 of these gaps is listed in equation (47). This is roughly
half of that required for the entire magnetic circuit for the bridge
type inverter. The following discussion assumed the stored energy
of the airgap to be largely recoverable as reflected in equation (56).

If it is not, then the airgap losses will be 4 times the value of 0,770

watts, or

(56)
124 4P; = 4(0,770 watts)

= 2.980 watts
This would increase the losses in equation (123) from 11.71 watts
to
(123)
125.  Pyysov) = 11.60 watts + (3P, = 2.31) watts

= 13_.91 watts
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and the efficiency would drop to

(125)
126, P (50V) = .86

With the large airgap area, the magnetizing force would drop from
8.84 (47) ampere turns to 1,26 ampere turns, The resulting effi-
ciency would be

127, Risovy = Lsse

Figure 48A is a typical representation of a sinusoidal voltage wave
{1) with the current, which‘include.l power and magnetizing com-
ponents (2). In Figure 48B, the current is broken into real and
imaginary components, with the power current (long dashed curve)
. in phase with the applied voltage (2) and the magnetizing current
(short dashed curve) in quadrature (3).

For the square wave case, Figure 48C illustrates a possible situa-
-tien, The circuit is shown in Figure 49, This is a rudimentary

- schematic which does not include any of the refinements of the
power matching networks. The voltage Eg supplies the transistors
Q3 and Q4 which drive the rotary transformer T-2, E-1 supplies
the saturating oscillator-exciter transistors Ql and Q2 which co-

- operate with transformer T-1, This furnishes square waves in
the 10KHz region. } ‘<

Referring again to Figure 48C, the solid line (1) represents the
_voltage across the whole primary of T-2, The dotted line (2) shows
the typical power current, The dashed line (3) shows an ideal core
magnetizing current wave shape. An ideal core is one which has a
constant permeability and zero hysteresis, Since the impressed
wave form is square, the magnetizing current wave form is tri-
angular, and in lagging time quadrature to the voltage, Thus at
the beginning of each half cycle, the excitation current and the
power current are in opposition. The algebraic sum of these must

- be positive, that is the power current must always be larger than
the excitation current if the polarity on Q3 or Q4 is to be such as
to be conducting, During this time, energy which has been stored
in the magnetic core is being extracted, and so long as the above
relationship exists, this is largely recovered and transferred to
the load. In this respect, the circulating magnetizing power is
not being completely lost, ‘

I-19 | | Y".'
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The square wave case and the sine wave case are similar, The two
cases differ, however, to the extent that in the sine wave case, the o
magnetizing current can be the larger of the two, since magnetizing Ww‘g’-
power is conservative and simply surges back and forth between the ¥
power source and the transformer. The square wave case, on the e
other hand, differs in that it can be considered only 2 quasi~-con-

servative system, In each half cycle, all the stored energy in the  .y&
core must be supplied by the battery, and instead of this energy cir- LE
culating between the core and the power source, it is dumped each =
half cycle into the load., The power efficiency is roughly the same,
because what energy the core delivers to the load the source does

not have to supply. The only restriction is that power current be

larger than the instantaneous magnetizing current, If the reverse

is true, then at the beginning of each half period, the current is ,
completely interrupted in Q3 and Q4, and at this point any remaining .
energy in the core is dissipated as shock-excited damped waves in -
the self-inductance of the transformer and stray circuit capacitance.

Again insthe practical case, the ferrite does not return all the energy-
which is stored in it, The effect is to add to the losses of the system®
by heating the core. The effect on the current is shown in Figure 48D
The dashed line (2) shows the magnetizing and load currents of 48C
Added. The dotted line (3) shows the effect of hysteresis. The mag-.
netizing current drops more rapidly to zero in the first half of each
half period, thus not returning all the stored energy. The energy

required to magnetize the core in the opposite sense then comes )
from the power source. The net loss is measured by the area be-
tween the curves (2) and (3). These wave forms would exist with
the circuit of Figure 49 with the switch Sl closed so that current
drawn from the source can pulsate without changing the applied volt- -
age to the power amplifiers Q3 and Q4.

. If the values of the primary inductance of T2 and the capacitance Cl
are chosen to be in resonance at the operating frequency, and further
to have sufficiently low individual reactances to permit 10 or more
times the power current as the circulating tank current, then the sysg=
tem will operate with essentially sine waves on the transformer with
S closed, even with square waves impressed on the bases of Q3 and sizg
Q4. Figure 50 shows the various wave forms involved with this mode

. _
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of operation, Figure 50A is the AV wave form across capacitor
€1 (Figure 49), and the terminals of transformer T2. In Figure
50B, the solid line shows the instantaneous voltage across the A
collector-emitter terminals of the transistor Q3, and similarly i
the dashed line shows the voltage across Q4. This means that

the voltage at the center tap of T2 will follow the well -known full
wave rectified and unfiltered form consisting sequentially of the
dashed line above the base line for one-half cycle, then the solid
line for the next half cycle, then the dashed line again, etc, This
wave form is also across Ll working about E] as the supply volts.-
In this case, L1 should have high reactance at all significant har-
monics of the operating frequency. When the voltage is rectified
from the secondary, the efficiency for the sine wave operation

will be the same as for the square wave configuration if choke

L2 (Figure 49) is larger than the critical value. Figure 50C shows
the base drive voltage for transistor Q3.

The second transformer had its windings arranged as in Figure 51,
Coil A occupied half the primary window at one end, and Coil B oc-
cupied the remainder, Similarly Coils C and D occupied their rese
pective ends of the secondary windows. Current in Coil A then did
not flow in the space occupied by Coil B, so the magnetic flux from
A had large stray values in Coil B, Uneven voltages then were in-
duced in Coils C and D with current in Coil A or B, This resulted
in excessive self-inductances and unpredictable spike voltages and
spurious pulse excited resonant frequencies.

1I1-21
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APPENDIX I

REDESIGNED TRANSFORMER ‘
(Rotary Transformer No, 3)
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REDESIGNED TRANSFORMER - The windings on this transformer
are all wound with two conductors alongside, or bifilar. In this way
all the current sheets generated by each winding occupy the entire
coil volume, thus greatly increasing the primary-secondary coupling
factor. Due to the limited winding space, all conductors were #19

B & S enamelled wire. The primary used two in parallel; the sec-
ondary one. The windings are summarized below:

Primary: 9 turns each side of center tap with two #19 wires in
parallel (bifilar wound) ‘

Secondary: 20 turns each side of center tap with only one #19
wire (bifilar wound) '

All winding windows were 1/8'" high by 3/8" wide, The windings were
wound and epoxy cast in molds without coil forms or spools, Figures ' o
52 through 61 are detail drawings of the transformer basic components >
less terminal boards,

Magnetic Circuit Performance

In order to calculate this, it is necessary to determine the flux densi~
ties in the various parts. The maximum density in the core structure
is in the inner cylinder, and in the shell assumed to be in the outer
cylinder, First, the total flux required to support the primary voltage
at the operating frequency will be determined,

Supply volts 80V peak-to-peak = E
Wave shape = square; symmetrical
Frequency 10 KHz
Form factor of square wave to sine wave

in determining peak flux density = —-—

The peak total flux required is

128, 3

129, N

E (10)°
3.885¢N

number of primary turns = 9, so

40 (10)*
3.885 (10)*(9)

= 11,43 (10)°® Maxwells
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The core density is @ divided by the critical core area, or
130, e = Aco ga'u:-

131, Ago = %(Dn"-D;’)
w

!Tl—- 511)3 - (l. 12511-)?{ 6.4.5 (.:l'l’)2

e . in
= 5,25 cm?®
and
. (129) (130) (131)
132 on = 11.43 (10)®* Maxwells
. co =
5.25 em

= 2,18 (10)® gauss

The specific losses due to hysterisis in this particular ferrite (Stackpol§
Cermag #24A) is stated by the manufacturer as about -

133. K350 = 3.3(10) f(cm® = Volume) watts

134, Ky ==' J'f(V)watts_

The specific shell loss is then

2 (133)
(1.38)° 10° 3.3 (10}

125 Hem = (1350)°
= 3.47 (10)~° —2atts
cm” Hz

Similarly, the specific core loss is
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(132) (133)
(2.18)% (10)® 3.3 (10)~*
(1350)° »

136. Kcol

4,650
1.820

3,3 (10)"

8.60 _Watts _ 0)-*
cm?® He

The volume of the core ferrite is calculated next. From Figure 52,
the volume is the sum of Vy, V,, and V,, "

Volume of the wedge cones ~ (cross section) (average perimeter)

137, v, - Zé_ (1.750112. 1,500") - (% 1.75" + 1,50") (.355")

(16, 4) em®
in®

= 7 " " " cma»
z(.ZSO ) (3.25") (.355") 16.4 =

= 3,72 cm®

Volume of two webbs =

138, v, = 2 (L.750" - 1.125%)  (1.750" +1.125")  1gguy
2 2

(16.4) Em°
in®

3
% (.625") (2,875') (. 188'") 16.4 %"_

8.70 cm®

ni-3
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Volume of cylinder is

-t

(1.50" - 1.125") _(1.50" + 1,125") (.375"

cm

= T (.375") (2. 625") (.375") 16, 4 Sm°
4 . _ma
= 4,75 cm®

(137) (138) (139)
140, Voo = (3.72+ 8,70 + 4.75) em®

= 17.17 em®
Similarly, the volume of the shell ferrite is
141, V,, =22.41 cm®

Now the ferrite losses can be determined by multiplying the ferrite
volumes by the respective loss factors. For the core

(136) (14Q)

142, Pl = KeolVeof = (8.60) (17.17) (10)-(10)*

1.475 watts

For the shell

L]

143, Pgp) = KghVghf

(135) (141)
(3.47) (22.41) (10)~® (10)*

. 776 watts

The total ferrite losses then are the sum of (142) and (143)
(142) (143)

g
i
Q...’:'.
3
4
A
5
i
=
R

%

144, Py 1= 1.475 + 776 |
= 2,25 watts
II1-4
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Copper Losses

The primary is wound with 9 turns of 2 strands of #19 wire in parallel.
The copper resistivity is

145, R, = p %
.6777 (1 + ,014) 10~° ohm-inches at 60°C

. 688 (10)* ohm-in?";!
'Y

\

146, P

n

147, 1 = Nn (P1_+ Da)
2

‘;_" (1.750 + 1.500) inches

3]1.8 inches

Since there are two wires in parallel,

]
148, A =2xmd_ 2:" (. 0359 = (2) ,00101 in® = , 00202 in?

4
So that
(146) (147)
6.88 (10)=7 (31.8) (10)*
9. 7, - 2S00 1.9 10
(148) .

0.0108 ohms

The secondary likewise is

150, R, =—9;13—-—
o

4

(146) °
(1.875) () (6.88) (10)=7 (20) ‘(xo)’f3

Im-5

T i AR N G B i+ o L S iabaseah 2t R £t o R T I St R
ekl o IR S R R R oM SR R Iy S e e i RO amade b i i LGB . Lt an . @




2,58m 10=? = , 0258" ohm

. 080 chms

The primary copper losses for 100 watts input and j5 amperes excitation
(peak-to-peak; measured) and 5 amperes load current (also peak-to-peak)
are

o«

tza ' ,
151. Pcnlp= Rcop J: I’ dt=_3!_ Rcopl‘

€0

Ip

fpo +t (S =X

‘where .
152, k = 5(10)* amperes per second
153. L,

3
154, I, = Pt 2Lkt + K¢

2.5 amperes (square wave) = constant

Power lost in the winding then is *

R a
()

culp = z(lp)‘ R, E. 25) (5) (10)~® + (2.5) (5) (10)* 25 '(10)"°+

P
+ }(25)(10)’ 125 (10)'{] .
(]
where )
a = 5(10)~® sec.
156, Pculp= 2(10)* Rp E.zs (10)-% + 312,5 (10)~® + 1,04 (10@

(149)
: = 15,58 R, = 15.58 (,0108)

= ,168 watts




For the secondary there is no excitation current, so the power current
(assuming 100% efficiency) would be:

Ll ahie ™ o
n% Ay e

157, 1, =1, Mamp
Na

w<.
I AN
L e

1
#

LR P

2.5 _9. am
20 P

1,125 amperes = constant

Secondary losses are:

o

n

o ;_:’:‘_ e ,;' -,
LSl HARAN

- 2
158, Poys= I° R,

(150)
= (1.125)a .080 = 101 watts

The total copper loss is the sum of the Primary and secondary losses, or . ;

159. Prey = Peulp + Pculs

(156)  (158)
.168 + 101

. 269 watts
Adding this to the ferrite losses, the total losses are

(144)  (159)

160, P- WF+wcop= 2.25 + 0,269

2,52 watts

With 100 watts in,  the output would be

14 N\
10U)

(100 - 2,52) watts - 97,48 watts &

-

161, P,
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The efficiency is then

W (161) )
162, [ = Yout 100 » 97.48 (100) = 97.48%
' Win 100
~ 97.5%

Note that the ratio of ferrite to copper losses is 8.4, for highest effia
ciency is obtained when the ratio is unity.

This transformer is really proportioned for higher power=-~try, say,

300 watts, The primary current is the sum of the power and excitation
currents,

The primary power current is

163, Lo = 24%0- = 7,5 amperes

With the same excitation current, the primary copper loss is

»“5-;’2 (149)  (163)  (155) (152) (158) :

164,  Pecyip= 2(10)* (0.0108) [56,25 (5) 10~ + 15 (5) (10)* 25 (10)~2°

- (152) (155)

L(25) (100® 125 (10)¢] . (154)

+ —
3

2(10)" (0.0108) E8O (10)-' + 150 (10)" + 1.04_3‘ .

0,652 watts

The secondary is similarly treated.

(163)
165, 13 = 7.5_P =759 = 3,375
Ne 20 -

(165) (150)
166. P 1= 3.375° (0.08) = 0,91 watts

II1-8
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The total copper loss is
. (164) (166)
167, Prow = 0 65 + 0,91 = 1,56 watts : -“‘i
The transformer efficiency is now
N (144) (1‘7)) v J?
168, /7 = Output power , 300 - (2,25 + 1,56) s
input power 300 5
. 296.1 . | 4
So0— 0.986 3

= 98,6%

Further calculations show higher efficiency at higher powers, say at
400 watts

169. Lo = 10amperes

3
g

S i B R T

At this current level, the average of tive power current and the power
plus the excitation current: can be uu?ito calculate primary copper
.

b
FEAG

losses

170. L, =~ ELZ.&E e 11.25amp (169) (150-151)

e
S
sdesy

Primary losses are

(170) (149)
171, Pculp=xp’np = (126.6) (.0108) = 1,37 watts

Secondary losses are :
(165) :

(169) (150)

172, Poyls= PRy = [10 -%H’ 0.080 = 1,62 watts ¥

The total losses now are

1) (172) (144)

173, Py = Pculp + Pouls + Py = (1.37 4+ 1.62 + 2,25) watts _
= 5,68 watts &
mI-9 oo




Efficiency is (173) ’:L
174, fp = 400-5.68 . 985 = 98.5% .
. 400 - :

Within the calculation errors, this transformer has a peak efficiency of
98, 6% at about 300 watts, In order to reduce losses at the 100 watt’
level, flux densities must be reduced., As an example, by increasing
the length of the unit by 3/8", the total number of turns can be doubled,
thus reducing the flux by a factor of 2, and the excitation current by al-
most a factor of 4. Again assuming these ratios are sufficiently accu-
rate for illustrative purposes, then the shell losses would be reduced
from 0,776 watts to

| (143) |
175, Pshl (1 4 av,p) = 0,194.(1 + 0.358) watts

4
= 0,263 watts

AVgh represents the effect of increased length of the transformer. Core
losses would be reduced from 2,25 watts to

P (142)
176, col (1 + Ve,) = .37 (1 + 0.277) watts
4
= 0,471 watts .
. AVeo represents the effect of increased length of the transformer., The

copper losses are affected also. The secondary copper lossés are
doubled because the same current traverses twice the copper length,
8o

(158)
. 177. Pculs = 2 (0.101) watts

= 0,202 watts

*

The primary has more than half the excitation current. In the original
case there were 9 turns and a measured peak excitation current of 2.5

amperes., This gives a magnetomotive force of
. .
178, F, = 9(2.5) = 22.5 ampere turns
II1-10 ';a
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This is divided between the shell ferrite, the core ferrite, and two air
gaps. Fringe effects are neglected,

*
PR

The shell length is

i

i

d‘é‘

<
P

179, Lyegp = 1.190" = 3,02 cm

The core length is
180, lmco = 1.185" = 3,01 cm
Airgap length (one gap only)

181, tg

= 0,005 = ,0127 cm
Airgap area ‘
182, Ag = 1,750 - (,500) in®

= 2.75in® = 17.75 em?

Gap length-to-area ratio for 2 gaps in series is

t .
183, 2L = .0l - 3 ¢4(10)°2 in=
Ag 2,75 A

The magnetomotive force per 1000 gauss is

184, Mg . 1000(10) 3,64 (10)-®
1000 ' 4 : .

= 2.89 ampere turns

The flux density required in the gap is

185. 1. = 11.43 (10)° Maxwells _ 11,43 (10)

= 645 gauss

£

Alii
E
s
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The actual magnetomotive force required then is

186, NIg = 645 (10)=* 2,89

1.86 ampere turns

The core¢ magnetomotive force can be calculated now, along with the ef=
fective permeability,

The core magnetic length is
The core flux density is

(132)
188, aco = 2,18 (10)® gauss

The core magnetomotive force is

(187)

3 3
189, NI.o = 2.18 (10)° (10} 3.01 = —5:._2..3_“_0)- ‘ampere turns
M 4n H

The shell magnetic length is

(179)
190, Ish = 3.02 cm

And the flux density is

(135)
191,  wgp = 1,38 (10)® gauss

The shell magnetomotive force is

1(3135)1 X () 31 (10)°
192. NIy = 38000 (10) 3 g5 . 3.31(107

[$1 =7 [

From (150) (151) the magnetomotive force measured was

193, NIT = 2,5(9) = 22,5 ampere turns

oI-12
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But the calculated required ampere turns are

194. NI, = NI, + NI, + NI,

(186) (18%9)  (179) .
=1.86 + (5.23 + 1.38)10

M

Now this equals NIt

(193) (194)
195, 22,5u = 1.86u + 6.61 (10)°
20.64u  6.61 s
20.64 -~ 30.64 (10
u = 320

The published value for u is in the neighborhood of Mop = 1600. This
1600
320

are made up of fabricated parts cemented together,

This gives a discrepancy of or 5 times. The magnetic circuits

An effective airgap always exists regardless of the care in lapping the
joints, The particular ferrite was so frangible that several breaks
occurred which could not be restored to the original condition. Since
at least 6 of these joints exist, the resulting effective cumulative gaps
consume the additional magnetomotive force. Should the material have
been homogeneous and of claimed quality, the magnetomotive force
would have been ’

196. = 1.86 + 661 - ¢ 03 (195)
NLp z

ID = ideal
and the excitation peak current would have been

197, IIp = 6.03 _ 6.03 0:.67 amperes

N 9

mI-13
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Returning now to the case of the.excitatian current in the primary having®
twice the present turns, the extrs length of the core and shell would re-
quire 3% more magnetomotive force. Using u = 320:

. .
198, NI = 1,86+ 1,3] (5.23+1.38) 153 ()94

320 o
= 1.86 + 3:65 (10p =
320 i
= 1,86 + 27.0 = 28,86 ampere turns .
The primary magnetizing current will be *
(198)
199. 1 = 28:86 . ) gamp
18 |
The primary copper loss for the 100 watt case is developed below. B
200, k, = 3.2(10r'amperes per second = .a‘ltl_ . “
The primary losses will be ' ;‘g
(155) (149) 153) (155) (153) (200)
201, Pulp © 2(10)* 2(.0108) [(6.25) 5(10)~° + (2.5) (3.2) (10)** a
(185) | (154)155)  (155) _ -
25(10)° + 3 (10.24) (10)° 125 (10):1 o
= 0,24 watts
The total copper losses are now
202, Pgyp = Peulp + Peuls
- (201) (158)
= (.24) + 2(.101)
= 0,442 watts
ni-14
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Compare this with the ferrite losses of B
(175)  (176)
= 0.734 watts

These are better matched for optimum®efficiency for its size. The ef=
ficiency is now

(202) (203)
204, Total losses = Py = .442 ,734

= l.leatts
(204) .
205, b o= 100-1.18 . o938 = 93.8%
100

By increasing the length of the transformer 3/8'" and doubling the number’
of turns on each winding, the efficiency is increased from 97.5% to 98, 8%,
or an increase of 1,3%.

The transformer characteristics are tabulated in Table 6,

s
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APPENDIX IV

Maximum Power Conditions

Ty T
B T SRt LD

[ORSSURE -

O Wk el




]

b
N .4

&

G A e N e e VoA omeaic o gt ke n S
T g B S5 S B e SRR g
ﬁ % :,%' 9& & T S e T 1§ ;

A

MAXIMUM POWER CONDITIONS = One question that arose during the .
performance of this contract was what parameter should be maximized
to obtain optimum operation. Should the solar array output power be
maximized, should the power out of the rotary power controller be maxi-
- mized, or should the battery current be maximized? Since the ultimate
goal of the design is to provide the maximum usable power to the space-~
craft, it appears that one of the last two choices is to be preferred, Fur-
ther inv'estigation, however, shows that the last two choices are equiv- &
alent maximum power out of the controller being equal to maximum cur- d
rent into the battgry. ] A%
3

First, let us form a simplified model of the control system, Figure 62, . . . ..%
Eg is considered the solay array generator, with Rga being its internal 4
resistance. Rc is the equivalent series resistance of the maximum power
controller. For simplicity, Rga and R¢c are combined giving the total
series resistance Ry, Ep, is the battery voltage, and Rp is the internal
resistance of the battery, The connection between the source and the load
is a pulse width regulator which we can consider to be a DC transformer,
The input/output relationship of the DC transformer are E{ = TEg and

Ig = TI;, T being the turns ratio of the transformer.,

We are interested in the output power and current maximums as the trans-
former ratio (pulse width) is varied. First, let us find what value of T
produces the highest output current (Ip) by differentiating I3 and setting
the differential equal to zero,

206. ‘Il = E' - TEb
R, + TRg
2
207. L =TI = EgT - T°Ep
Ry + TRg

208, 8% _ -Re EgT® - 2R,EpT + RyEg p
8T (RaT® + R,)®

-

Setting :_IT', equal to 0 produces the following solutions for T

IV-l
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" former (pulse width regulator) is

el S

Fou -8 ¥

209. T = =2RiEb ! V4R,’Eps +4Es"RyRa | -
2E; Rg S

210, T = 1e

Of the four solutions, only

-2R4Ep - v4R,?Eps + 4E5°R3Ra
ZEgRg

T =

is a maximum, and it also is the only solution which falls within the phys-
ical range of the DC transformer (pulse width regulator). The maximum

power controller, when used as an output current maximizer, will there-
fore operate at this point. '

Next, let us find the value of T, which produces the maximum output power."
The output power arises from two terms, the power dissipated in the bat-
tery resistance (I;°Rp), and the power which charges the battery (I3 Eb)
The total output power is therefore:

211, Po =L°R, + LE}
[ - RN |
212, 8P, = 2L 2B + L g
[ 61‘_.... ‘_.6T_..J -
= r_ﬁ_l_a;_' (2% +Ep) = 0
| 8T !
213, !_E_; = 0
6T
214, 2L +E, =0

It is noticed that _5_12__ = 0 is the same equation that we solved to find what
6T

value of T produced an I; maximum, Also as before, the only term that

produces a maximum and lies within the physical range of the DC trans-

Iv-2
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=2R,Ep - 4R,%Ebs + 4E,°R,Re
2E4Ry

215, T

Therefore, it can be concluded that maximum power into the battery and
maximum current into the battery occur at the same point, Furthermore,
if the power into the ideal battery Ey is maximized, it is noticed that it
also occurs at the same value of T,

216. P = IgEb
_ 61{! _
1)
218, = 0
5T

Therefore the choice between maximizing power and maximizing current
becomes a question of the circuitry required to accomplish each technique, X
Since the current maximizing circuitry is less than that required for power
maximization, the current maximiring approach was chosen for the bread-
board. The proper operation of the current maximizing system, however,
is not limited to a resistive or constant voltage load (battery), but will op-
erate with any load for which E, I, and 8E are positive in the operatmg
range of the controller, 1 -

This can be demonstrated as follows:

219. It 2—E is always positive, then maximum I coincides with maximum E
I . S

220. P = E I

If both E and I are maximums, then P must be a maximum, Therefore op= -
erating at the maximum output current is also operating at maximum power
output,

R L B el
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